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A series of push-pull systems with different electron donors and electron 
acceptors were investigated. The carbon-carbon double bond rotational barriers for 
twelve push-pull ethylene derivatives, NH2CH=CHX, NH2C≡CCH=CHX and 
OCH=CHX (acceptors, X = BH2, C≡N, NO2, and ⊕ CH2) were studied by ab initio
calculations. The rotational barrier was chosen as a probe for push-pull effects, as push-
pull effects would remove electrons from the central double bond. Complete geometry 
optimizations and calculations of vibrational frequencies were performed for all minima
and transition state structures of the twelve systems. The Synchronous Transit-Guided 
Quasi-Newton (STQN) method was used to search for the transition state structures. The 





Electron density maps were used to analyze the electron density distribution. The 
Merz-Singh-Kollman scheme was chosen to calculate electrostatic potential derived 
charges on atoms. 
Calculations at the MP2 level suggest that the strongest push-pull effects result 
from ⊕ CH2 with barriers (to conversion to the trans-forms) of 10.6, 13.2, and 7.3 
⊕kcal/mol for NH2CH=CHCH2 ⊕ , NH2C≡CCH=CHCH2 ⊕ , and OCH=CHCH2 , 
respectively. These barriers are about 6, 5, and 9 times smaller than that of ethylene at 
the same level of theory, respectively. Among the other electron acceptors studied, BH2 
was stronger than the cyano and nitro substituents but weaker than ⊕ CH2.
Solvent effects were examined for the NH2CH=CHX system, X = BH2, C≡N, 
NO2, and ⊕ CH2 with water and dichloromethane as solvents. Calculations were 
performed at the B3LYP/6-31++G(d,p) level of theory using three different approaches, 
the Conductor-like Screening Model (COSMO), the Polarizable Continuum Model 
(PCM) and the Super-Molecular Approach (SMA). When the solvent is water, SMA 
calculations retained the barrier-height order of gas phase calculations, while COSMO 
and PCM reversed the order of BH2 and NO2. Results from this research confirm that 
both solvents lowered the rotational barriers in all cases. The more polar solvent 
decreases the rotational barrier more than the less polar solvent due to the existing of a 
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Alkenes and their derivatives are among the most important industrial organic 
compounds. Ethylene, the best known and simplest alkene, is the number one organic 
chemical produced synthetically in the United States [1].  
Ethylene has a double bond between its two carbon atoms. The double bond 
consists of a σ bond formed by overlap of two sp2 hybridized orbitals and a π (pi)-bond 
formed by overlap of two unhybridized p orbitals. The sharing of four electrons between 
the two carbon atoms results in a carbon-carbon double bond length of 1.34 Å, much 
shorter than ethane’s single bond length of 1.54 Å [2]. Ethylene is planar, a consequence 
of the sp2 hybridized carbons and the necessity to maximize p orbital overlap in the pi 
bond. 
Substitution of other groups onto the two carbon atoms of ethylene quickly leads 
to an almost unlimited assortment of alkenes. The carbon-carbon double bond is the 
defining characteristic of alkenes, however, the substituents on the carbon-carbon double 
bond can have critical effects on the chemistry of alkenes. Not only is the type of 
substituent important, but also the placement of the substituents on the double bond is 
important. For example, cis-trans stereoisomerism can affect the chemistry of alkenes.  
Cis-trans stereoisomers of alkenes are only possible due to the lack of free rotation 
around the double bond. A cis isomer has two substituents attached to the same  
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side of both sp2 hybridized carbons of the double bond, while a trans isomer has the same
two substituents attached to opposite sides. Usually, a trans isomer is more stable than 
the corresponding cis isomer due to the increased nonbonded repulsion in the cis isomer. 
Steric hindrance in a cis isomer can sometimes cause its geometry to be nonplanar.  
Understanding substituent effects on the rotational barrier around the carbon-
carbon double bond in substituted ethylenes is of fundamental importance to chemists.
The mechanism of rotation must involve breaking of the pi bond. In general, the two 
mechanisms for breaking the pi bond of substituted ethylenes can produce either a dipolar 
(I) or a diradical (II) transition state as shown in Figure 1.1. 
Figure 1.1 
Two mechanisms of π-bond breaking 
Substituents can affect the rotational barrier around the double bond by either 
modifying the energy of the ground state or the energy of the transition state. For 








more than the ground state energy, the energy barrier to rotation (ΔG‡ROT) is lowered.
Among the numerous types of substituents, the most interesting are those that have the 
greatest effect on the charge-separated transition state (I) in Figure 1.1. One important 











Free energy profile of rotation about a double bond in which a substituent lowers the 
transition state more than the ground state 
A push-pull system consists of an electron donating group (EDG) and an electron 
withdrawing group (EWG) coupled through the double bond. An EDG donates electrons 
into the system (e.g. OMe, SMe, and O etc.) and the strongest EDGs are characterized 
by one or more lone pairs of electrons. EWGs pull electrons from the system (e.g. COMe, 
CO2Me, etc. ) and can be separated into those that are electron-deficient (e.g.BH2 and 
CH2) and those that are electron-sufficient (e.g. NO2) [3]. Push-pull ethylenes have 
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The resonance effects of both an EDG (NH2) and a EWG (C≡N) 




A simple example of a push-pull system is (2E)-3-aminoacrylonitrile (III) in 
Figure 1.3 where NH2 is the electron donor (push) and C≡N is the electron acceptor 
(pull). There are three possible resonance structures for this type of push-pull system as 
illustrated in Figure 1.3. Charge separation in resonance hybrid structure V should 
contribute significantly to the ground state character of the system. 
The ground state molecular properties (e.g. bond lengths, etc.) and rotational 
barriers of push-pull ethylenes depend on the strength of the push-pull effects. The 
strength of the push-pull effect is governed by both inductive and resonance effects. The 
inductive effect is the withdrawal or the donation of electrons through a σ (sigma) bond. 
It depends on the electronegativity of the two atoms forming the σ bond. Functional 
groups that inductively withdraw electrons through the σ bond include halogens, the 
cyano group, the nitro group, and so forth. Functional groups that inductively donate 
electrons through the σ bond include alkyl groups, trialkylsilyl functions, and so forth. 
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For example in Figure 1.4, the fluoro group in VI pulls electrons from the double bond 
inductively, while the methyl group in VII donates electrons to the double bond 
inductively. The inductive effects are effective only over a short range and decay rapidly 
with increasing distance from the source. 
A resonance effect occurs when the withdrawal or donation of electrons occurs 
through a π (pi) bond when a p orbital on the substituent overlaps with a p orbital of the 
double bond. For example, the functional groups, such as carbonyl groups, cyano group, 
nitro group, and so forth, withdraw electrons through the π bond of ethylene. Figure 1.5 
illustrates the π-electron distribution in the ethylene and cyano groups, resulting in a 
partial positive charge on the C(2) atom. On the other hand, functional groups, such as 
halogens, hydroxyl groups, alkoxyl groups, and so forth, donate electrons through the 
ethylene π bond. Figure 1.6 shows the π-electron distribution going from the amino 
group (EDG) to the ethylene leaving a partial positive charge on the electron donating 
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over a much longer distance than inductive effects. In fact, resonance effects are felt over 
the entire length of a conjugated system. 
The ability of a substituent to act as an EWG or an EDG depends on the interplay 
of both inductive and resonance effects. In some functional groups, both the inductive 
effect and the resonance effect reinforce each other. For example in Figure 1.5, the cyano 
group withdraws electrons through the σ bond inductively and through the π bond of 
ethylene by a resonance effect. Carbonyl groups, the cyano group, and the nitro group are 
strong EWGs by both inductive and resonance effects [5]. The inductive and resonance 





in Figure 1.6, amino groups are weakly electron withdrawing by the inductive effect, but 
they are strongly electron donating by the resonance effect. Therefore, amino groups act 
as EDGs. However, the magnitude of any such electron donation depends on how much 
demand the rest of the molecule places upon the donor. 
Many alkenes have random placement of EWGs and EDGs on the double bonds, 
therefore, the overall effects can vary. Push-pull alkenes are special because the EWG 
and EDG are positioned to reinforce each other. Now it is clear why resonance structure 
V should be a major contributor to the structure of (2E)-3-aminoacrylonitrile III. 
Of the three resonance structures for the push-pull electronic system in Figure 1.3, 
resonance structure V dominates due to the simultaneous resonance effects from both the 
cyano (EWG) and amino (EDG) groups. The cyano group stabilizes the negative charge 
on C(1) atom and the amino group stabilizes the positive charge on the C(2) atom. Figure 
1.7 shows the inductive effects in (2E)-3-aminoacrylonitrile (2b). The cyano group 
withdraws electrons through the σ bond which reinforces the resonance effects, while the 
amino group weakly withdraws electrons through the σ bond in the opposite direction 
from its π-electron donating action. However, the resonance effect of the amino group is 



















The inductive effect by a cyano group (EWG) and an amino group (NH2) 
in (2E)-3-aminoacrylonitrile (2b) 
Push-pull ethylenes are of both theoretical and chemical interest. The rotational 
barriers around the carbon-carbon double bond of the substituted ethylenes can be 
substantially lowered by push-pull substituents. The development of experimental and 
theoretical methods has allowed the investigation of how push-pull substituents affect the 
rotational barriers. These developments have also allowed the study of solvent effects on 
the rotational barriers and stabilization of transition states.  
There are several reviews covering rotational barriers of substituted ethylenes [4].
Most mechanisms of the rotation around the carbon-carbon double bond of push-pull 
ethylenes are discussed in terms of a dipolar transition state (I) rather than a diradical 
transition state (II) as shown in Figure 1.1. As electrons delocalize in the push-pull 
system, the double-bond order is reduced and the real structure acquires charge 
separation as shown in Figure 1.8. These effects lower the rotational barriers of the 
system and result in dipolar transition states. Solvation can have dramatic effects on the 







charge-separated transition state in a push-pull ethylene is stabilized (lowered in energy) 
more by the solvent than the starting push-pull ethylene, then the rotational barrier 
(ΔG‡ROT) is lowered. If the ground state molecule has significant charge separation, the 
ground state energy can also be lowered by the solvent. Polar solvents are expected to 
have a greater solvation exotherm (hence greater stabilizing effect) on the charge-
separated transition states. This will lower the rotational barriers. The rotational barrier in 
the gas phase is higher than in a polar solvent for a molecule with significant dipolar 
character in its transition state. Polar solvents stabilize the dipolar transition states. Of 
course, this is only true if the polarity and solvation is greater in the transition state than it 












Free energy profile of rotation around a C=C bond in a solvent versus the gas phase 
where the rotational barrier in gas phase is higher than in solution. Here  
the trans isomer has a lower energy than the cis isomer  









Douglas and co-workers found the activation energy for the thermal cis-trans 
isomerization of dideuteroethylene is 65.0 kcal/mol [6].  
Early computational studies by Kaldor and Shavitt found the rotational barrier 
about the C=C double bond in ethylene to be 129 kcal/mol using the typical LCAO-SCF 
method with a minimal Slater basis set [7]. Buenker also used the ab initio SCF method 
with a Gaussian basis set and found a barrier of 126 kcal/mol [8,7b]. These barriers are 
about twice that of the experimental values and cast doubt on the utility of the 
computational studies. 
Later theoretical study of the rotational barrier around the carbon-carbon double 
bond in ethylene indicated that the transition state is a singlet diradical. These barrier 
calculations required a multi-reference wave function [9]. The rotational barriers for the
C=C bond of ethylene were found to be 65.5 kcal/mol and 65.0 kcal/mol using 
multiconfigurational self-consistent field approaches at MCSCF/3-21G(d) and 
MCSCF/6-31G(d) levels, respectively [9b]. The C=C rotational barriers were 65.4 
kcal/mol using a second-order CI calculation at the SOCI/6-31G(d) level [9b] and 65.4 
kcal/mol using generalized valence bond calculation at GVB/6-31G(d,p) level [9d]. 
The superb match of experimental values and theoretical values calculated at 
higher levels offers assurance that a computational investigation of the rotational barriers 
of push-pull ethylenes has merit. 
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Molecules 1-4 in Series I 
Structures for 2-boranyl-vinyl amine, 1
Lin et al. [10] reported the energy differences between enamines (XCH=CHNH2) 
and imines (XH2CCH=NH) at HF/6-31G*, MP2(full)/6-31G*, MP4(FC)/6-
31G*//MP2(full)/6-31G*, and MP4(FC)/6-311++G**//MP2(full)/6-31G* levels of 
theory. The enamines were more stable than imines when X = BH2 (molecule 1, see 
Figure 1.9) and X = C≡N (molecule 2, see Figure 1.10). This stabilization was attributed 
to “the conjugative interaction between the C=C double bonds and the empty p orbital in 
boron and the π* orbital in C≡N” [10]. 
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Benidar and co-workers detected only the cis-enamine isomer of 3-
aminoacrylonitrile (molecule 2, see Figure 1.10) using gas-phase IR spectroscopy [11]. 
They also used density functional and ab initio calculations to investigate the enamine 
and imine isomers of 3-aminoacrylonitrile. The enamine was more stable than the imine 
at both B3LYP/6-311+G(3df,2p) and G2 levels of theory. The trans isomer of 3-
aminoacrylonitrile was 1.7 and 2.0 kcal/mol higher in energy at the same levels of theory 
than the cis isomer, respectively due to the better conjugation of the lone pair of the -NH2 
group and the the π-system of C=C double bond [11]. 
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Figure 1.11 






In 1992, Chiara and co-workers [12] reported that the cis form of 2-
nitroethylenamine (3a, see Figure 1.11) is more stable than the trans form (3b, see Figure 
1.11). As the polarity of the solvent increased, the cis/trans ratio in 2-nitroethylenamine 
decreased. They noted that a polar solvent can stabilize the trans form more than the cis 
form because of its larger dipole moment and the intermolecular hydrogen bonds between 
the trans form and the polar solvent. Furthermore, the same research group reported a 
C=C rotational barrier of 21.3 kcal/mol for 2-nitroethylenamine in (CD3)2NCDO using 
dynamic 1H-NMR (Nuclear Magnetic Resonance) spectroscopy [12]. Gate and co-
workers reported the ratio of Z- to E-2-nitroethylenamine to be 68:32 by 1H-NMR 
spectroscopy in (CD3)2SO [13]. In 2001, the X-ray crystal structure of (Z)-2-
nitroethylenamine was reported by Evans and Gilardi [14]. 
Ab initio calculations with STO-3G and 3-21G basis sets and semiempirical 
calculations by Chiara and co-workers in 1990 were used to perform a vibrational 
analysis of E- and Z-2-nitroethylenamine [15].  
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Figure 1.12 
























Closed-shell SCF ab initio calculations at the 3-21G//3-21G level of theory by 
Lien and Hopkinson found that the C=C rotational barrier of (2E)-3-aminoprop-2-en-1-
ylium cation (4b) in Figure 1.12 was 11.2 kcal/mol and the trans form was 3.0 kcal/mol 
more stable than the cis form [16]. 
14 
    
       
     
       
    
     
    
        
 
H H H B H 
C C C C 
C B H C H 
C H C 
H N H N 
H H
  11a (cis form) 11b (trans form)
N 
H CH H 
C CC C 
C C C H 
C N C 
H N H N 
H H
  12a (cis form) 12b (trans form)
O 
H H H N O 
C C C C 
C N O C H 
C O C 
H N H N 
H H
 13a (cis form) 13b (trans form)
H 
H H H C H 
C C C C 
C C H C H 
C H C 
H N H N 
H H 





Molecules 11-14 in Series II 
H 
Structures for 4-boranyl-but-3-en-1-ynyl amine, 11,5-aminopent-2-en-4-ynenitrile, 12, 4-
nitrobut-3-en-1-yn-1-amine, 13, and 5-aminopent-2-en-4-yn-1-ylium cation, 14
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No theoretical or experimental studies of the conformations or the rotational 
barriers around the carbon-carbon double bond of molecules 11-14 (see Figure 1.13) have 
ever been reported. The difference between series I and II is the triple bond. 
Molecules 23-26 in Series III 
Figure 1.14 
Structures for 2-boranyl-ethylenolate, 23, 2-cyanoethylenolate, 24, and 
2-nitroethylenolate, 25
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2-Boranyl-ethylenolate, 23, 2-cyanoethylenolate, 24, and 2-nitroethylenolate, 25
are enolate anions. These enolates illustrated in Figure 1.14 are strongly delocalized with 
significant electron density on the C(1) atom as evidenced by their ability to act as 
nucleophiles. Species 24 [17] and 25 [18] have been widely used in organic synthesis. 
However, species 23 has never been reported in organic synthesis. Theoretical or 
experimental studies of conformations and the rotational barriers around the carbon-
carbon double bond of species 23-25 have never been reported. The difference between 
series I and III is the electron donor. 
Figure 1.15 
Structures for 2-propenal, 26
Acrolein, 26 (see Figure 1.15), (IUPAC name: 2-propenal) has two 
conformations, s-cis- and s-trans [19]. In 1957, DeGroot and Lamb reported the C-C 
single bond rotational barrier of liquid acrolein from the s-trans conformation to the s-cis 
conformation to be 7.0 kcal/mol using an ultrasonic absorption technique. They also 
found the s-trans conformer was 2 kcal/mol more stable than the s-cis conformer by the 
same ultrasonic absorption method [20]. In 1984, Blom et al. reported bond lengths in s-




An SCF ab initio calculation at 6-31G*//3-21G level by Loncharich et al. reported 
the C-C single bond rotational barrier of acrolein (C=C-C=O) from the s-trans conformer 
to the s-cis conformer to be 8.9 kcal/mol [22]. S-trans-acrolein is more stable than the s-
cis conformer according to an SCF ab initio calculation at 6-31G**//4-31G levels by 1.7 
kcal/mol [23].  
Solvent Effects 
In 1988, Marcos and co-workers found the rotational barriers for (Z)-2-
nitroethylenamine, 3a (see Figure 1.11), were 36.8 and 37.2 kcal/mol using 
semiempirical calculations (e.g. MNDO/H with the STO-3G basis set and AM1 with the 
3-21G basis set) [24]. In 1989, Pappalardo and Marcos investigated the rotational barriers 
for 3 using AM1 semiempirical calculations. The rotational barriers of 3 were 23.0 and 
21.4 kcal/mol in solution with ε (dielectric constant) = 9.9 and ε  = 36.7, respectively, 
versus 37.2 kcal/mol in the gas phase (ε  = 1) [25]. In 1991, Pappalardo and Marcos 
reported the AM1 energies in the gas phase were not accurate enough [26]. 
In 1991, Pappalardo et al. investigated the solvent effects on the C=C rotational 
barriers of 3-aminoacrylonitrile (2, see Figure 1.10) and 2-nitroethylenamine (3, see 
Figure 1.11) using ab initio calculations employing the self-consistent reaction field 
(SCRF) solvation model with a simple cavity shape (i.e. ellipsoidal) at the HF/3-21+G 
level of theory. They found the rotational barriers from the trans to the cis form of 3-
aminoacrylonitrile (2) are 47.8 and 34.8 kcal/mol, respectively, using a non-polar solvent 
(ε  = 2.0) and acetonitrile (ε  = 38.8). This barrier was 54.7 kcal/mol in the gas phase. 






nitroethylenamine (3) are 29.5 and 14.6 kcal/mol, respectively, using a non-polar solvent 
(ε  = 2.0) and acetonitrile (ε  = 38.8). In the gas phase, this barrier was 37.8 kcal/mol. 
The rotational barrier of 3 is much smaller in the gas phase than that of 2. Therefore, the 
rotational barriers of 3 are expected to become smaller than that of 3 in a polar solvent 
and both barriers (for 2 and 3) should decrease going from the gas phase to the polar 
solvent [27]. The cis forms of 2 and 3 were predicted more stable than their trans forms 
in both the gas phase and in solution. Also, the dipole moments of the trans forms of both 
2 and 3 are larger than their cis forms.
In 1993, Pappalardo and co-workers again reported the C=C rotational barrier of 
3-aminoacrylonitrile (2) and 2-nitroethylenamine (3). This time, these rotational barriers 
were calculated using the SCRF solvation model with a simple cavity shape (i.e. 
ellipsoidal), but the 6-31+G basis set was used [28]. The rotational barriers predicted for 
2 in a non-polar solvent (ε  = 2.0) and acetonitrile (ε  = 38.8) were 48.0 and 34.6 
kcal/mol, respectively, and 54.9 kcal/mol in the gas phase. The corresponding barriers for 
3 with non-polar solvent (ε  = 2.0) and acetonitrile (ε  = 38.8) were 31.8 and 13.6 
kcal/mol, respectively, versus 40.3 kcal/mol in the gas phase. Solvent effects cause the 
rotational barrier of both 2 and 3 to have smaller values when the more polar solvent was 
used [28]. The cis forms of 2 and 3 were predicted to be more stable than the trans forms 
of 2 and 3 in both the gas phase and in solution. The dipole moments of the trans forms 






In 1991, Wong and co-workers reported the C=C rotational barriers from the 
trans to the cis form of 2-nitroethylenamine (3) using ab initio calculations with the 
Onsager reaction field method [29]. These rotational barriers calculated at the HF/6-31G* 
level of theory in o-dichlorobenzene (ε  = 9.9) and N,N-dimethylformamide (ε  = 36.7) 
were 34.0, 32.6, and 44.0 kcal/mol in the gas phase or in vacuo (ε  = 1.0). The barriers at 
the HF/6-31+G* level of theory in o-dichlorobenzene (ε  = 9.9) and N,N-
dimethylformamide (ε  = 36.7) were 30.5, 28.7, versus 42.1 kcal/mol in the gas phase. 
These barriers at the MP2/6-31+G* level of theory in o-dichlorobenzene (ε  = 9.9) and 
N,N-dimethylformamide (ε  = 36.7) were 30.8, 29.0, and 41.7 kcal/mol in the gas phase. 
The cis form of 3 is more stable than its trans form in both the gas phase and in solution 
[29]. 
Theoretical or experimental studies of solvent effects on the rotational barriers 
around the carbon-carbon double bond of molecules 1 (see Figure 1.9) or 4 (see Figure 
1.12) have never been reported. 
Summary 
Experimental studies can be easily performed on the rotational barriers around the 
carbon-carbon double bond of push-pull ethylenes if the barriers are 22 kcal/mol or lower 
[4c]. However, it can be difficult to study rotational barriers by experiment if the barriers 
are higher. 
The major objective of this dissertation is to study the rotational barriers around 
the carbon-carbon double bond of push-pull ethylenes. Three series were chosen to study 












NH2CH=CHX where X is BH2, C≡N, NO2, or CH2. The second series is 
NH2C≡CCH=CHX where X is BH2, C≡N, NO2, or CH2. The last series is the 
OCH=CHX where X is BH2, C≡N, NO2, or CH2. This dissertation also studies the 
solvent effects on the rotational barriers around the carbon-carbon double bond for the 
series NH2CH=CHX, where X is BH2, C≡N, NO2, or CH2 using the density functional 
method with two different solvents (i.e. water or dichloromethane). 
This research investigated the order of the electron acceptor and electron donor 
strengths among these three series at the same level of theory using the reduction in 
rotational barriers as a criterion. Furthermore, this dissertation investigated which system 
has the strongest push-pull effects on the C=C rotational barrier. Lastly, the solvent 
effects were investigated. The outcome of this research should explain the properties of 












Computational chemistry is a broad category of chemical investigations using 
mathematical methods to solve chemical problems. The tremendous increase in 
computational chemistry research is the result of the rapid development of computer 
technology in the last two decades. Experimental chemistry has gone from grudging 
tolerance to openly embracing computational chemistry as a full partner.  
Computational methods can be divided into two approaches according to their 
underlying physical model: classical mechanics or quantum mechanics. Molecular 
mechanics methods are governed by the laws of classical mechanics and these methods 
do not include electrons and wave functions. Electronic structure methods are governed 
by the laws of quantum mechanics and can be grouped into semi-empirical and ab initio 
methods. Semi-empirical methods contain experimental parameters while ab initio 
methods only use fundamental values such as Planck’s constant (h) and electron charge 
(e). 
The advantages of computational methods are safety, reduced cost, and most 
importantly the ability to study unstable intermediates, transition states, and systems that 











The most rigorous computational chemistry methods are based on quantum
mechanics. Quantum mechanics describes the behavior of very small particles and is 
based on a set of postulates [30]. 
The first postulate of quantum mechanics states that a system is fully described by 
a function Ψ. In fact, everything that can be known about a system can in principle be 
calculated from Ψ. The second postulate of quantum mechanics asserts that any physical 
observable can be represented by a linear Hermitian operator  This operator can beOp . 
used to extract values for a physical observable from the wave function Ψ.  The third 
postulate of quantum mechanics states that if the wave function Ψ is an eigenfunction to 
the operator Op , 
Op c  (2-1)Ψ = Ψ  
the measurement of a property always gives the eigenvalue c . The fourth postulate of 
quantum mechanics states that if the wave function Ψ is not an eigenfunction of an 
operator Op , the result of a single measurement of a property is unpredictable. However, 
the average value of a series of measurements is the expectation value, Op , of the 










  ( 2- 3)
w h er e Ψ  O p Ψ  is c all e d br a c k et n ot ati o n  us e d t o r e pr es e nt t h e d efi nit e i nt e gr al o v er 
all s p a c e of a n o p er at or O p  i ns ert e d b et w e e n t h e c o m pl e x c o nj u g at e of t h e w a v e 
f u n cti o n Ψ  * a n d t h e w a v e f u n cti o n Ψ . T h e i nt e gr al Ψ  *O p Ψ d τ  is c all e d a m atri x ∫ 
el e m e nt of t h e o p er at or O p . 
I n 1 9 2 6, t h e A ustri a n p h ysi cist Erwi n S c hr ö di n g er p ost ul at e d t h e ti m e- d e p e n d e nt 
S c hr ö di n g er e q u ati o n  ( E q. 2- 4) w hi c h d es cri b es w a v e fu n cti o n b e h a vi or as a f u n cti o n of 
p arti cl e p ositi o n a n d ti m e. 
H  ̂Ψ ( , )r t =  i  
δ Ψ
  ( 2- 4)
δ t 
Hˆ  is t h e o p er at or f or t h e t ot al e n er g y or t h e H a milt o ni a n f or t h e s yst e m. Ψ  is t h e w a v e 
f u n cti o n a n d  is Pl a n k’s c o nst a nt (h ) di vi d e d b y 2π . 
F or t h e st ati o n ar y st at es, or st at es w h er e Hˆ  is i n d e p e n d e nt of ti m e, ti m e c a n b e 
s e p ar at e d o ut t hr o u g h a m at h e m ati c al t e c h ni q u e c all e d s e p ar ati o n of v ari a bl es. T h e 
r es ulti n g ti m e-i n d e p e n d e nt S c hr ö di n g er e q u ati o n  c a n b e f or m all y writt e n as 
ˆψ  ( )  =  E ( )   ( 2- 5)H r  ψ  r 
w h er e Hˆ  is t h e ti m e-i n d e p e n d e nt H a milt o ni a n o p er at or, ψ  ( )r  is t h e w a v e f u n cti o n a n d E 
is t h e t ot al e n er g y of t h e s yst e m.  
T h e ti m e i n d e p e n d e nt S c hr ö di n g er e q u ati o n c a n o nl y b e s ol v e d e x a ctl y f or t h e 







orbitals. For all other systems, approximate solutions must be sought. The two main 
methods for determining approximate solutions of the Schrödinger equation are the 
variational method and perturbation theory. Variational methods are based on the 
variational principle which states that the ground state energy calculated as an 
expectation value using an approximate wave function is always greater than the exact 
ground state energy. This can be utilized by minimizing the energy with respect to some
flexible parameters.  In perturbation theory, the Hamiltonian is formally expressed as 
ˆ ˆ 0 ˆH = H + H '  (2-6) 
ˆ 0where the solutions of the Schrödinger equation using H , or the unperturbed system, 
are known and Ĥ '  represents a (small) correction.  Corrections to the wave functions and 
the energy can be calculated at different orders and the corrections become smaller the 
higher the order. 
Model Chemistries 
Pople proposed the use of clearly defined model chemistries composed of a 
theoretical method and a basis set [31]. In 1998, John Pople shared the Nobel Prize in 
Chemistry with Walter Kohn. Pople was selected based on his development of 
computational methods in quantum chemistry. Pople stressed that model chemistries 
must be applied consistently when comparing chemical properties within a series of
molecules. Pople stipulated that a method used for a given model chemistry should, if 









Size consistency means the energy of a system that contains non-interacting 
fragments is equal to the sum of the energies from separate calculations on the fragments.  
A system is variational when its energy is calculated using the variational 
principle which states that the expectation value for the energy E  calculated using an 
ct energy, E. approximate wave function is always the upper bound to the exa
Components of Model Chemistry 
Methods 
In this study, the Hartree-Fock Self-consistent field method, Møller-Plesset 
second order many-body perturbation theory (MP2), and density functional theory 
methods were used.  A brief description of these methods [30,32] follows.  
Hartree-Fock Self-Consistent Field Method 
The most important approximate method for solving the time-independent 
Schrödinger equation is the Hartree-Fock method perfected by Fock [32e,f] and Slater 
[32e,f,g] from Hartree’s earlier work [32e].  This method is well defined both physically 
and mathematically. Therefore, it is used as a reference point for more accurate methods.   
In the Hartree-Fock method, a non-relativistic Hamiltonian is used.  For a system
consisting of M atoms and N electrons, the non-relativistic Hamiltonian can be written in 
atomic units as 
N N M N M M A-11 2 Z 1 1 2 Z Zˆ A A BH = −∑ ∇ − ∑∑  + ∑∑  − ∑ ∇ + ∑∑  (2-7)molecule i A 







where i and j are electrons, A and B are nuclei, and ZAand ZB  are nuclear charges. Also, 
riA , , and RAB  are distances between electron i and atom A, between electrons i and j,rij 
and between atoms A and B, respectively. 
The Hamiltonian in Eq. 2-7 only contains kinetic energy and electrostatic terms. 
The kinetic energy has two contributions. Term one is the kinetic energy of electrons and 
term four is the kinetic energy of nuclei. There are three different electrostatic 
contributions. The second term describes the nuclear-electron attraction, the third term
the electron-electron repulsion, and the last term nuclear-nuclear repulsion. The non-
relativistic approximation is used to simplify the Schrödinger equation. It assumes that all 
electrons have the same mass by setting the speed of light to be infinite ( c = ∞  ). This 
results in the velocity correction mass (m) becoming equal to the rest mass ( m0 ) since 
m 
= 0  (2-8) 
This approximation is very good for lighter atoms (1st and 2nd row). However, it cannot 
accurately describe heavy atom systems because the velocities of the inner electrons in 
heavy atoms are a significant fraction of the speed of light.  
Using the Born-Oppenheimer approximation, which is based on the physical 
picture that the electrons are moving around a fixed framework of nuclei, the fourth term 
vanishes and the nuclear-nuclear repulsion energy becomes a constant.  
N M N
ˆ ⎧ 1 2 ZA ⎫ 1Hmolecule = ∑⎨− ∇i − ∑ ⎬ + ∑∑  + Vnn (2-9) 













        






The Hamiltonian can now be written as the sum of an electronic Hamiltonian Ĥ el and the 
constant nuclear repulsion term Vnn . 
ˆ ˆH = H + V    (2-10)  molecule el nn 
The Born-Oppenheimer approximation is a good approximation to simplify the 
Schrödinger equation. The electronic Schrödinger equation can be written as 
Ĥ Ψ = E Ψ  (2-11)el el el el 
and the total energy of the system is 
E = Eel + Vnn  (2-12) 
In 1928, Hartree proposed a self-consistent field method using quantum
mechanics to describe the movement of each electron in the effective field of the N-1 
other electrons and nucleus in the atom. Each electron is controlled by a one-particle 
Schrödinger equation. The Hartree product for the N-electron wave function is a simple 
product of one-electron functions (orbitals)  
Ψ(r r ) =ψ (r )ψ (r ) ψ (r )  (2-13)1 N 1 1 2 2 N N 
where ri represents the coordinates of electron i. 
An obvious problem with a wave function of the form Eq. 2-13 is that it does not 
satisfy the Pauli principle. The Pauli principle states that the wave function for a many-
electron system must be antisymmetrical with respect to interchange of two electrons. 






Each electron must be described by four variables, three spatial coordinates as well as 
electron spin. An electron is described by a spin orbital ψ which is the product of the 
spatial orbital φ and spin σ : 
= ( )r     (2-15)  ψ φ σ  
where σ is α or β . 
The Hartree-Fock method employs an antisymmetrized product of spin orbitals as 
the wave function. This type of wave function is known as the Slater determinant (SD) 
[32h]. For a closed shell system, N is even. Each spatial orbital contains two electrons, 
with one α  and one β  spin. The Slater Determinant can be written as  
φ (1) (1) α1 φ (1) (1) β1  φ (1) (1) αN 
2 
φ (1) (1) βN 
2 
Ψ =  1 
N ! 
φ (2) (2) α1 
 




φ (2) (2) αN 
2 
 




φ ( )  ( )N α N1 φ ( )  ( )N β N1 φ ( )  ( )N α NN 
2 
φ ( )  ( )N β NN 
2 
In the Hartree-Fock method, the best set of orbitals is found by using the variational 
principle (i. e. minimizing the energy expression with respect to the orbitals).  
Slater derived the Hartree-Fock energy expression (Eq. 2-17) using the wave 
function (Eq. 2-14) and Hamiltonian operator for the N electron atom (Eq. 2-10).  
N / 2  N / 2  N / 2  
EHF = 2∑ Hi + ∑∑(2Jij  − Kij  ) + Vnn  (2-17) 
i=1 i=1 j=1 
The one-electron integrals Hi  (Eq. 2-18) are expectation values of the one-electron 









* ⎧ 1 2 Z ⎫H ≡ φ ⎨− ∇ − ⎬φ τd  (2-18)i ∫ i i⎩ 2 r ⎭ 
In Eq. 2-17, Jij  and Kij  are two-electron integrals as shown in Eqs. 2-19 and 2-20, 
respectively. The Jij , known as Coulomb integrals, represent potential energies of 
interaction between charge distributions. K  are exchange interactions between twoij 
electrons. 
* * 1J φ (1)φ (2) φ (1)φ (2)dτ τd (2-19)ij ≡ ∫∫ i j i j 1 2r12 
* * 1K φ (1)φ (2) φ (1)φ (2)dτ τd (2-20)ij ≡ ∫∫ i j j i 1 2r12 
The Hartree-Fock equations can now be derived using the variational principle by 
minimizing the energy with respect to the spatial orbitals φ This yields the Hartree-
Fock equations that in canonical form can be written as 
F̂φ = ε φ  , i = 1, 2, 3, …, n  (2-21)i i i 
where F̂ is the Fock-operator, φi  is the Hartree-Fock molecular orbital, and eigenvalue 
ε i  is the orbital energy of the spatial orbital i. 
N / 2  
ε i = Hi + ∑(2Jij − Kij )  (2-22) 
i=1 
The Hartree-Fock energy ( EHF ) (Eq. 2-23) can be obtained by solving Eq. 2-22 for 
N / 2
∑ Hi  and substituting the result into Eq. 2-17. 
i=1 
30 








     
N / 2  N / 2  N / 2  
E = 2 ε − (2J − K ) + V (2-23)∑ ∑∑  HF i  ij  ij  nn 
i=1 i=1 j=1 
The Hartree-Fock equations can not be solved analytically for many-electron 
systems. Roothaan introduced an additional approximation by expressing the molecular 
orbitals of the Hartree-Fock equations, φi , as linear combinations of atomic orbitals or 
basis functions, χα . This is an approximation if the number of basis functions is finite 
and is known as the LCAO (Linear Combination of Atomic Orbitals) approximation 
described mathematically as  
m 
φi = ∑ciα χα  (2-24) 
α =1 
where m is the finite number of basis functions. 
Substituting Eq. 2-24 in the Hartree-Fock equations yields the result  
m m 
F̂ ∑cαi χα = ε i ∑cαi χα  (2-25) 
α =1 α =1 
* which multiplied by χβ  and integrated over all space Eq. 2-25 yields the Roothaan-Hall 
equations 
m m 
∑c F( ) = ∑c (ε S ) ; β  = 1, 2,…, N (2-26)αi αβ αi i αβ 
α =1 α =1 
or expressed in matrix form
FC = SCε      (2-27)  




Fαβ = χα (1) F̂ χβ (1) 
occ. MO 
ˆ= χα (1) h(1) χβ (1) + ∑ χα (1) 2Ĵ j − K̂ j χβ (1) 
j=1 
N / 2
ˆ= χα (1) h(1) χβ (1) + ∑⎡⎣2 χα (1) Ĵ (1)χ (1) − χ (1) K̂ (1)χ (1) ⎦⎤  (2-30)j β α j β 
j=1 
 
 χ  Sαβ = χα β  
 
   (2-29)  
The S  matrix contains the matrix elements ( Sαβ ) representing the overlap integrals 
between basis functions. The Fock matrix ( F ) contains the Fock matrix elements 
( Fαβ ). Fαβ  is the symbol for matrix element (α , β ) of the matrix F . Each Fock matrix 
element ( Fαβ ) can also be written as including one-electron integrals in the first term and 
two-electron integrals in the second term (Eq. 2-30). In Eq. 2-35, the Fαβ  contains 
density matrix elements ( Dγδ ): 
ˆ ĥ 
N 
2 ˆ K̂ ) ˆ 
M 
where F = +  ( J −  and h = −  1 ∇2 − ∑ ZA .i i ∑ j j i i ˆ= 2 =j 1 A 1  riA 
* * *φ j (2)φ j (2) * χγ (2)χδ (2) Ĵ j (1)χβ (1) = χβ (1) dτ 2 = χβ (1)∑∑cγ jcδ j dτ 2  (2-31)∫ r ∫ r12 γ δ 12 
The Eq. 2-31 multiplied by χα 
* (1) and integrated over coordinates of electron 1 yields 
χα β γ δ *χ (1) Ĵ j (1)χβ (1) = ∑∑cγ jcδ j ∫ ∫  dτ1dτ 2  (2-32)α rγ δ 12 
* (1)χ (1)χ *(2)χ (2) 
32 
 
occ. MO AO AO 
Fαβ = χα (1) ĥ(1) χβ (1) + ∑ ∑∑cγ * jcδ j ⎣⎡2 αβ γδ − αδ γ ⎤  (2-34)⎦ 
j γ δ 
AO AO 




* (1)χβ (1)χγ 






χ * (1)χ (1)χ *(2)χ (2) * α δ γ βχ (1) K̂ j (1)χβ (1) = ∑∑c cj δ j ∫ ∫  r dτ1dτ 2  (2-33)α γ γ δ 12 
χ * (1)χ (1)χ *(2)χ (2) α δ γ βwhere αδ γβ  ≡ ∫ ∫  τ1 τ 2  is the two-electron exchanged d  r12 
integral. 
Eq. 2-30 is substituted by Eqs. 2-32 and 2-33 yields 
  β  
 
where the density matrix D is defined by: 
occ. MO 
*Dγδ = 2 ∑ cγ jcδ j  (2-36) 
j=1 
and ĥ(1) is the one-electron core Hamiltonian operator expressed as 
1 2 M ZAĥ(1) = −  ∇1 − ∑ ˆ  (2-37)2 A 1= r1A 
Thus, 
 
                           
  
ˆχα (1) h(1) χβ (1) = ∫ χα * (1) (1)ĥ χβ (1)dτ1 
M (2-38)
* ⎛ 1 2 ZA ⎞ = ∫ χα (1)⎜ − ∇1 − ∑ ⎟ χβ (1)dτ1 








The Roothaan-Hall equations (Eq. 2-26) must be solved by the self-consistent-
field (SCF) procedure outline in Scheme 1.This procedure starts with an initial guess of
the molecular orbital coefficients, forms the Fock matrix and then diagonalizes it to get 
the new molecular orbital (MO) coefficients which form a new density matrix.  If the 
SCF procedure converges in any iteration, the set of the MO coefficients before and after 
diagonalizing the Fock matrixes must be equal. 
Obtain initial guess for density matrix 
Form Fock matrix Two-electron integrals 
Diagonalize Fock matrix 
Form new density matrix 
Iterative 
Figure 2.1 
Illustration of SCF procedures 
In general, the Hartree-Fock method is variational and size consistent. It does not 
give the exact solution to the Schrödinger equation. The exact solution of the Hartree-





     
  
 
solution of orbital type.  The Hartree-Fock limit can also be considered as the solution of 
the Roothaan-Hall equations with an infinite basis set.  
Electron Correlation 
The main approximation in the Hartree-Fock model is the independent particle or
the orbital approximation.  Physically this means that each electron interacts with the 
average field of all the other electrons in the system and the instantaneous interaction
between two electrons is ignored.  A finite probability exists for two electrons of opposite 
spin to occupy the same position in the HF method. The difference between the exact 
energy solution of the non-relativistic Schrödinger equation ( E ) and the HF limit exact 
energy ( E ) is known as the correlation energy ( Ecorr ) which accounts for about 1%HF limit 
of the total energy of the system. 
E = E − E (2-39)corr exact HF limit 
The correlation energy can be accounted for by using wave functions with more 
than one Slater Determinant (SD) Φ  combined as 
a + a    (2-40)  Ψ = Φ  ∑ Φ0  HF  i i 
i  = 1 
Here, a0  is usually close to 1 and Φ i  are Slater Determinants where one or more of the 
occupied orbitals are replaced by virtual (or empty) orbitals.
Formally all correlation methods, such as Møller-Plesset (MP) many-body perturbation 
theory, configuration interaction (CI), and coupled-cluster theory employ wave functions 




     
  
E v e n t h o u g h t h er e ar e m a n y diff er e nt  m o d els w hi c h a c c o u nt f or el e ctr o n 
c orr el ati o n, o nl y t h e M ø ll er- Pl ess et m o d el ( M P n) will b e dis c uss e d h er e. A ct u all y, s o m e 
d e nsit y f u n cti o n al m et h o ds m a y als o i n cl u d e  p art of t h e c orr el ati o n e n er g y i n t h e 
e x c h a n g e- c orr el ati o n t er m. T h es e will b e dis c uss e d l at er.  
M øll er- Pl ess et ( M P) M a n y- B o d y P ert ur b ati o n T h e or y 
M øll er- Pl ess et p ert ur b ati o n t h e or y or  m a n y- b o d y p ert ur b ati o n t h e or y is a 
p ert ur b ati o n al m et h o d d esi g n e d t o  tr e at s yst e ms wit h m a n y i nt er a cti n g p arti cl es. It is a 
wi d el y us e d m et h o d t o d es cri b e el e ctr o n c orr el ati o n i n m ol e c ul es.  Ori gi n all y f or m ul at e d 
i n 1 9 3 4 b y M øll er a n d Pl ess et, a p pli c ati o n t o  m ol e c ul ar s yst e ms h as o nl y b e e n p ossi bl e 
si n c e P o pl e a n d B artl ett’s i m pl e m e nt ati o n ar o u n d 1 9 8 0 [ 3 3].  M P n t h e ori es ar e d es cri b e d 
i n s e v er al t e xt b o o ks i n q u a nt u m c h e mistr y [ 3 0,3 2 a, b] a n d o nl y a bri ef d es cri pti o n of t h e 
M P 2 m et h o d is pr es e nt e d h er e. 
T h e u n p ert ur b e d H a milt o ni a n is si m pl y t h e s u m of t h e F o c k o p er at ors a n d t h e 
z er ot h or d er e n er g y is t h e s u m of t h e ( H artr e e- F o c k) or bit al e n er gi es.   
N 
M P 0 = E ( M P 0) =  ∑ ε i     ( 2- 4 1)  
i = 1 
T h e H artr e e- F o c k e n er g y is t h e s u m of t h e z er ot h or d er e n er g y a n d t h e first or d er 
c orr e cti o n. 
E ( H F) =  E ( M P 0) + E ( M P 1) =  M P 1   ( 2- 4 2) 
M P 1 e n er g y is d efi n e d as t h e s u m m ati o n of t h e z er o- a n d t h e first- or d er M øll e r- Pl ess et 





occ. vir. φ φ  φ φ  − φ φ  φ φ  i j  a b  i j  b aE(MP2) = ∑∑  (2-43) 
i < j a <b ε i + ε j − ε a − εb 
 
 
  φ φ  φ  (1) d dφ φ φ (1)φ (2) φ (2) τ τ  (2-44)i j  a b  = ∫ i j 1 a b 1 2r12 
  φ φ φ φ  φ  (1)φ (2) φ (1)φ (2)d dτ τi j  b a  = ∫ i j 1 b a 1 2 (2-45) r12 
 
 
    
 
The first correction that actually includes electron correlation is the second order 




In this equation, ε i  and ε j  are energies of occupied molecular orbitals φi  and φ j , 
respectively. ε a  and εb  are energies of unoccupied (virtual) molecular orbitals φa and 
φb , respectively.  
The MP2 energy is the sum of the zero-, first-, and second-order energy 
corrections.
MP2 = MP0 + E(MP1) + E(MP2)  (2-46) 
MP2 is the least expensive (and least accurate) method for electron correlation and it 
scales formally as O(N)5 which means the 5th power of the number of basis functions N. 









Density Functional Theory (DFT)
The third approach is the density functional theory. In 1998, Walter Kohn shared
the Nobel Prize in Chemistry with John Pople. Kohn was cited for his contributions to 
fundamental density functional theory. DFT’s goal is to determine the ground-state 
electronic energy, E0 , and other ground-state molecular properties from the ground-state 
electron density, ρ0 . The electron density, ρ( )r , is the summation of the probabilities of 
observing an electron (any of the N electrons) at a point r as 
2
ρ( )r = n  ψ (r1,r2 , ,rn , ms1, , msn  ) dr dr  (2-47)2 n∑ ∫ ∫  
all ms 
DFT methods use the Hamiltonian to extract energy values from the total electron 
density. Electron density is constructed from a self-consistent field. DFT methods attempt 
to determine the energy of the system via the Schrödinger equation using the variational 
principle.
In 1964, Hohenberg and Kohn (HK) proved two theorems. The first theorem 
states that the ground-state electronic energy, E0 , is a functional of the ground-state 
electron density function, ρ0 , expressed as 
E = Eυ [ρ ]     (2-48)  0 0 
The ground state is indicated by the zero subscript, the functional relation is represented 
by the square brackets, and the υ subscript indicates that E0  depends on the external 








HK proved that for the non-degenerate ground state of molecules, the ground-
state electron density, ρ0 ( )i , , is able to determine the external potential υ r 
Zυ( )  A    (2-49)  ri = −∑ rA iA 
the total number of electrons N, 
N = ρ( )r rd    (2-50)  ∫ 
and all the ground-state molecular properties without finding the molecular wave 
function. The HK assumption states that no two external potentials correspond to the 
same the ground-state electron density. 
The non-relativistic Hamiltonian (Eq. 2-9) using the non-relativistic 
approximation and the Born-Oppenheimer approximation yields the ground state energy 
as a summation of the average values of those three terms in Eq. 2-9 of energies as  
E = T V ++ V     (2-51)  Ne ee 
Those average values can be calculated from ρ0 ( )r  instead of the electronic wave 
function as 
E = E [ρ ] = T [ρ ] + V [ρ ] + V [ρ ] (2-52)0 υ 0 0 Ne 0 ee 0 
The overbars denote averages and VNe [ρ0 ]  is a known functional, but T [ρ0 ]  and 











The second theorem states that the variational principle can be used for the 
energy. Eq. 2-53 shows that any trial electron density ( ρ ) can only give an energy trial 
greater than or equal to the energy of the exact ground state density ( ρ0 ) 
E[ρ ] ≥ Eυ [ρ ]    (2-53)  trial 0 
where E[ρtrial ] = T [ρtrial ] + VNe [ρ trial ] + Vee [ρtrial ] . 
In 1965, Kohn and Sham proposed the method for finding ρ0 , and then extracting 
E0  from ρ0 . They also proposed the Hamiltonian of the imaginary reference system, Ĥ s 
N N
ˆ ⎡ 1 2 ⎤ KS  Hs = ∑ − ∇i +υs ( )i ≡ ∑hi  (2-54)r⎢ ⎥ 
i=1 ⎣ 2 ⎦ i=1  
ˆKS 1 2hi = −  ∇ +υ ( )r     (2-55)  i s i2 
ˆKSwhere hi  is the one-electron Kohn-Sham Hamiltonian operator and s subscript indicates 
the imaginary reference system of non-interacting electrons.  
The relationship between the Hamiltonian of this imaginary reference system and 
the real system is expressed as 
ˆ ˆ ˆ ˆH T V  + λ= +  V    (2-56)  λ Ne ee 
where parameter λ  varies from 0 (the reference system) to 1 (the real system) and  
N 












The Pauli principle states that the ground state wave function ψ s,0  of the imaginary 
reference system is the antisymmetrized product (SD) of the lowest energy Kohn-Sham 
spin-orbitals KSui  . 
ψ = u u  u ; u = θ KS (r )σ  (2-58)s,0 1 2 N i i i i 
ˆKS KS KS KSh θ = ε θ     (2-59)  i i i i 
The spatial parts of each spin-orbital,σ i , are represented by θ 
KS (ri ) , and Kohn-Shami 
KSorbital energies are represented byε i . 
The Kohn-Sham equation for electron 1 in an N-electron M-nucleus molecule can 
be written as
M⎡ 1 2 ZA 1 ρ(r2 ) ⎤ KS  KS  KS  − ∇ −  +  dr +υ (1) θ (1) = ε θ (1)  (2-60)⎢ 1 ∑ ∫ 2 xc ⎥ i i i2 r̂ 2 r⎣ A 1= 1A 12 ⎦ 
where υxc is the unknown exchange-correlation potential expressed as  
δ Exc [ρ( )r ]υ ( )r ≡    (2-61)  xc δρ( )r 
and called the functional derivative of the exchange-correlation energy Exc . 
Eq. 2-60 can also be expressed as 
ˆKS KS KS KSh (1)θi (1) = ε i θi (1)    (2-62)  
or 








            
ˆKSwhere h (1)  is the one-electron Kohn-Sham Hamiltonian operator of electron 1. It is 
clear that Eq. 2-62 is parallel to the Hartree-Fock equations for electron 1 in an N-
electron M-nucleus molecule in Eq. 2-64.  
F̂ (1)φ (1) = ε φ  (1)     (2-64)  i i i 
N 
F̂ (1) = ĥ(1) + ⎡ Ĵ (1) − K̂ (1)⎤    (2-65)  ∑ ⎣ j j ⎦ 
j = 1 
where ĥ(1) is the one-electron core Hamiltonian operator, Ĵ j (1)  and K̂ j (1) are Coulomb 
and exchange operators, respectively.
The exchange-correlation functional Exc [ρ]  is unknown. Thus, various 
approximate functionals are used in DFT methods and will provide the approximate 
energy. The accuracy of DFT calculations of molecular properties depends on how good 
an approximation of Exc  is used and this is the key to DFT methods. 
The exchange-correlation energy functional, E [ρ]  is the interaction between xc 
electron density and an energy density, ε = ε + ε , and can be separated into twoxc x c 
parts. One is a pure exchange-energy functional Ex [ρ] . The other is the correlation-
energy functional Ec [ ]ρ : 
E [ ]ρ = ∫ ρ ( )r ε [ρ( )r ]dr      (2-66)  xc xc 
x [ ] + Ec [ρ ] = ∫ ρ ( )ε x ρ r ] r + ∫ ρ ( ) c ρ r ]= E ρ r [ ( ) d r ε [ ( ) dr 




Currently, three types of DFT methods are used. The first, LDA (Local density 
approximation) is based on the density. The exchange-correlation energy functionals are 
derived from a homogeneous electron gas. The second, gradient-corrected methods, 
improve over LDA. Gradient-corrected functionals are also called non-local density 
functionals based on the generalized gradient approximation. Exchange and correlation 
energies depend on not only the electron density, but also derivatives of the density. 
Usually the exchange-correlation functionals, Exc , in this model are separated into two 
parts: a gradient-corrected exchange functional, Ex and a gradient-corrected correlation 
functional, Ec . Therefore, there are many possible combinations of exchange functionals 
and correlation functionals, such as BLYP, BP86, BPW91, and so forth. Becke (B) 
proposed the correction to the LDA exchange-energy functionals and Lee, Yang, and Parr 
(LYP) proposed the correlation-energy functionals. The gradient-corrected exchange 
functionals yield the exact Hartree-Fock exchange-energy functional. The third DFT 
method is the hybrid method. It is the most expensive and efficient compared with other 
DFT methods. Hybrid exchange-correlation functionals (e.g. the Becke 3 parameter 
functional, B3 or Becke3) include different functionals from LSDA, exact exchange, and 
gradient correction terms. Hybrid methods often include the exact Hartree-Fock 
exchange-energy functional. Currently, the most popular hybrid DFT method is B3LYP. 
Basis Set 
A basis set is a defined set of one-electron functions used by the LCAO 








described below.[30,32a,b]. The two most common types of basis sets are Slater and 
Gaussian type atomic orbitals (STOs and GTOs).   
Slater-type orbitals (STOs) were proposed by Slater in 1930 [30] and have the 
form
n−1 −ζ rχζ , ,n l  ,m ( ,r θ ϕ, ) = NYl ,m (θ ϕ, )r e  (2-67) 
where N is a normalization constant and , are the spherical harmonics functions. For Yl m  
one-electron systems, STOs can describe electron density around an atom exactly. The 
exponential dependence on the distance between the nucleus and the electron mirrors the 
exact orbitals for the hydrogen atom.  Even though the integral evaluation for STOs is 
very slow, a small basis set of STOs gives fairly accurate results. 
Gaussian-type orbitals (GTOs) or Gaussian-type functions (GTFs) were 
introduced by Boys in 1950 [30]. The GTOs are widely used because integral evalution is 
simpler and faster than when STOs are employed. Unfortunately, GTOs give accurate 
results only with a large basis set size.  The mathematical form of a GTO is  
lx ly l −αrz 
, , ,l ( ,x y, z) = Nx  y  z  e 
2
   (2-68)  χα l lx y z  
The spherical harmonics are replaced with the product of the type of orbital determined 
by summation of l l, y and l . For example, if the sum is equal to 1 it represents a p-x z 
orbital. 
The crucial difference between STOs and GTOs is the shape of the orbital’s radial 
portion. STOs are exponential in r (i.e. e−r ) and decay slowly for large r . STOs also 








− r(i.e. e 
2 
) resulting in a rapid decay of GTOs for large r and have zero slope at the 
nucleus. STOs can be approximated using a summation of GTOs, such as the STO-3G 
basis set. 
As mentioned, the LCAO-approximation is an approximation unless an infinite 
number of basis functions are used.  Using an infinite basis set is impossible. The number 
of basis functions is an important factor in the cost of a calculation. For a Hartree-Fock 
calculation, the formal scaling with respect to the number of basis functions is O(N)4 , 
while for a MP2 calculation, the formal scaling is O(N)5. Unfortunately, methods 
including electron correlation require larger basis sets than the Hartree-Fock method. 
A minimal basis set means that the smallest number of basis functions is 
employed to account for all inner-shell (core) and valence-shell electrons of each atom. 
For example, there is one basis function on hydrogen (1s), two on lithium (1s and 2s),
and five on carbon (1s, 2s, 2px, 2py, 2pz). 
All modern ab initio programs use Gaussian basis functions because their 
integrals are simpler and faster to evaluate than those of STOs. GTOs do not represent the 
electron density of the real situation as well as STOs, but this can be overcome by using 
more GTOs. A contracted Gaussian-type orbital (CGTO; χr ) is a linear combination of
primitive Gaussian-type orbital (PGTO; gu ) with fixed contraction coefficients, dur 
determined from atomic calculations.





There are several ways to improve the description of the (molecular) orbitals. The 
first is to replace each CGTO of a minimal basis set of atomic orbitals with two CGTOs 
or three CGTOs. If all contracted basis functions atomic orbitals are replaced by two 
CGTOs or three CGTOs, the new set of functions are called double-zeta and triple-zeta 
basis sets, respectively. When only valence-shell AOs of each atom are replaced by either 
two CGTOs or three CGTOs, these are called the split-valence and triple split-valence
basis sets, respectively. 
The second way to improve the description of the (molecular) orbitals is to add 
diffuse functions. Diffuse functions allow weakly held electrons to localize far from the 
remaining electron density, such as lone pair electrons and anions. Diffuse functions are 
functions with very small exponents.  
The third way to improve the description of the orbitals is to add a polarization 
function. Polarization functions play a major role in providing sufficient mathematical 
flexibility to adequately describe the wave function and improve the description of 
bonding. This flexibility is added in the form of basis functions which have angular 
momentum one quantum number higher than the valence orbitals.  
For example, the 6-31++G(d,p) basis set designed by Pople and his co-workers 
[34] is a double split valence type of basis set. The 6-31++G(d,p) basis set has 6 
Primitive Gaussian Type Orbitals (PGTOs) to describe core orbitals. Inner and outer parts 
of the valence orbitals are contractions of three and one PGTOs, respectively. This basis 








       
Diffuse functions are denoted by ++. The first + indicates that one set of diffuse s-
and p-functions is added to heavy atoms, while the second + indicates a diffuse s-function 
is added to hydrogens. Polarization functions are denoted by (d,p) or sometimes by **. 
The d, or the first *, designates one set of d-functions on heavy atoms and the p, or the 
second *, indicates one set of p-function on hydrogens. 
Statistical Thermodynamics 
Thermodynamics describes the bulk properties of a system (i.e. properties of 
systems consisting of a large numbers of molecules), therefore, thermodynamic quantities 
are usually reported per mole (6.0221 × 1023 molecules). On the other hand, quantum
mechanics predicts properties of individual molecules. Statistical thermodynamics is the 
bridge between quantum mechanics and thermodynamics allowing the calculation of 
thermodynamic properties using information from a single molecule.  
Statistical thermodynamics is described in most physical chemistry textbooks and 
only a brief review is given here [35]. The Boltzmann distribution gives the most 
probable distribution of molecules between energy states and it can be used to calculate 
thermodynamic properties of molecules. The Boltzmann assumption for total energy of 
the system E is the summation of the energies of the individual particles  
E = ∑ni iε     (2-70)  
i 
where ni  is the population of a state i with energyε i . 
The population of a state for a molecule depends on the energy of the state and 
can be calculated using the Boltzmann distribution  
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N −βεn =  e i    (2-71)  i q 
where ni  is the population of a state i with energyε i  and N is the total number of
molecules (i.e. N = ∑ni ). The molecular partition function, q , is a number 
i 
representing the approximate number of states significantly populated at a given 
temperature  
−βε iq = ∑e     (2-72)  
i 
where the parameter β is equal to 1/kBT, kB is the Boltzmann constant (1.38066 x 10-23 
J K-1) and T is the thermodynamic temperature. 
Substituting the Boltzmann distribution (Eq. 2-71) into Eq. 2-70 yields 
N −βε i N d −βε i N ⎛ dq ⎞ ⎛ ∂ ln  q ⎞E = ∑ε ie = − ∑ e = − ⎜ ⎟ = −N ⎜ ⎟  (2-73)q i q dβ q ⎝ dβ ⎠ ⎝ dβ ⎠V 
d 
i i 
dx−βε −βεwhere e = −ε ie  and = d ln  xdβ x 
When E is calculated this way, it is implied that the lowest energy level is zero and the 
theromodynamical energy at T = 0 K must be added to E: 
U = U (0) + E    (2-74)  
The relation between the thermodynamic internal energy U of an independent molecule 
and the molecular partition function q can be written as 
⎛ ∂ ln q ⎞U U− (0) = −N    (2-75)  ⎜ ⎟






        
  
   
   
  
 
         
The Boltzmann formula for the entropy S is 
S k= B lnW     (2-76)  
where W  denotes the statistical weight of the most probable configuration of the system. 
The relation between the entropy S and the molecular partition function q can be 
expressed as 
U U  (0) −S = + NkB ln q    (2-77)  T 
Other thermodynamic functions can be calculated from well known 
thermodynamic relationships. Helmholtz energy A is expressed as 
A = U − TS     (2-78)  
and related to pressure p 
⎛ δ A ⎞ p = −⎜ ⎟    (2-79)  
⎝ δV ⎠T 
Enthalpy H is expressed as 
H = U + pV    (2-80)  
and related to Gibb energy G 
G = H −TS    (2-81)  
Eq. 2-78 through Eq. 2-81 show that any thermodynamic property of a system can 
be calculated from the molecular partition function q. The energy ε of a single-molecule 
can be expressed as a sum of contributions from its different modes of motions  
ε = εT + εR + εV + εE (2-82)
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3 3E = k T  ; E = RTT B T2 2 
where T denotes the translational, R the rotational, V the vibrational, and E the electronic 
contribution. Substituting Eq. 2-82 into Eq. 2-72 yields 
n 
(−βε −βε −βε −βε )i T i R iV i Eq = ∑e  (2-83)
i=1 
Therefore, the molecular partition function q can be expressed as a product of 
contributions from each mode of motion 
q = q q  q q     (2-84)  T R V E  
where qT , qR , qV , and qE  are the translational partition function, the rotational partition 
function, the vibrational partition function, the electronic partition function, respectively. 
Explicit formulas for individual partition functions are detailed in other sources [35c,d]. 
From Eq. 2-74, the thermodynamical internal energy (U) at 298 K is the sum of 
the translational contribution (ET), rotational contribution (ER), vibrational contribution 
(EV), and electronic contribution (EE). At room temperature, the high T approximation 
can normally be used for the translational and rotational contributions, but not for the 
vibrational contribution. EE is normally zero at room temperature meaning that only the 
electronic ground state is significantly populated at room temperature. 
At the room temperature the average single molecule energy and the molar energy 
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 (2-86)
where R is the gas constant (8.314 J K-1 mol-1). 
For each vibrational mode, the average energy is 
(2-87)
where ν  is the vibrational frequency as a wavenumber (cm-1), h is Planck’s constant
(6.6261 x 10-34 J s), and c is the speed of light (2.9979 x 1010 cm s-1). For a non-linear 
molecule with M atoms, there are 3M-6 vibrational modes. The molecular vibrational 
energy can be calculated from the vibrational frequecies as  
modes hcν iE = N (2-88)V A ∑ hcν  i / kBT i e −1 
where NA is Avogadro’s constant (6.02 x 1023 mol-1). 
For each vibrational mode, the average energy at T = 0 K is 
1 
(2-89)
and the molecular zero-point vibrational energy ( EZPVE ) can be calculated from 
modes 
EZPVE = NA ∑ 1 hcν  i (2-90)
i 2 
Therefore, ΔU = ΔE + ΔE + ΔE  (2-91)ZPVE V 
Also, assuming both forms are ideal gases 




   
    
    
        
       
     
  
     
and 
G H  − TS  =      (2-93)  
where p is the pressure, V is the volume, H is enthalpy, G is Gibb energy, and S is 
entropy. 
This dissertation examines the relative Gibbs energy (ΔGcis/trans) between cis and 
trans forms and the relative Gibbs energy (ΔG‡ROT) of the C=C double bond rotational 
barriers between the transition state and trans forms. Thus, the differential enthalpies 
ΔH and the differential Gibb energies ΔGcis/trans and ΔG‡ROT at 298.15 K can be 
calculated with Eqs. 2-94 and 2-95 or 2-96, respectively. 
ΔH = ΔU + ΔnRT    (2-94)  
ΔGcis/trans = ΔH − TΔS    (2-95)  
ΔG‡ROT = ΔH‡ − TΔS‡    (2-96)  
where 
ΔH = Hcis − Htrans (2-97) 
ΔS = Scis − Strans (2-98) 
ΔH‡ = Htransition state − Htrans (2-99)
and
ΔS‡ = Stransition state − Strans (2-100) 
Comparison of two forms having the same molecular formula and calculated at the same 
pressure and temperature cause ΔET , ΔER , ΔEE , and ΔEV  all to be equal to zero. Thus, 
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ΔU = ΔU (0)  where U ( )0  includes the total energy from an ab initio calculation
(i.e. the electronic energy and nuclear repulsion energy) and the zero-point vibrational 
energy ( EZPVE ). Therefore, ΔnRT is equal to zero and causes ΔH = ΔU . 
The relative energy (ΔE‡ROT) of the rotational barrier between the transition state and 
trans forms are calculated with 
ΔE‡ROT = Etransition state − Etrans  (2-101) 




The electric dipole moment, μ , of a molecule is a well defined physical property 
that can be measured experimentally and it can also be calculated theoretically.  The SI
unit for dipole moment is C m, but the dipole moment is often reported in Debyes (D, 
where 1 D = 3.33564 X 10-30 C m). The dipole moment is a three-dimensional vector 
quantity [36a]. Within the Born-Oppenheimer approximation, there are nuclear and 
electronic contributions. Once the wave function has been determined by an ab initio
calculation, the electronic component of the dipole moment can be calculated at 
insignificant extra cost by taking the first derivative of the energy with respect to an 
applied electric field. Comparison of calculated dipole moments at the HF/6-31G** and 







established the accuracy of the calculated values [36]. In 1997, Scheiner et al. [36b] 
reported that the average absolute errors of dipole moments from 108 compounds 
calculated at HF/6-31G**, MP2/6-31G**, and BLYP/6-31G** levels of theory were 0.23 
D, 0.20 D and 0.20 D, respectively. The accuracies for dipole moment calculations were 
increased when using very large basis sets. 
Atomic Charges 
In contrast to dipole moments, the charge on an atom cannot be determined 
experimentally. Furthermore, there is no a uniquely defined method to calculate this 
property theoretically. There is, therefore, some arbitrariness in all schemes for atomic 
charges and bond orders. These properties must be used with care. Calculated atomic 
charges can be used to locate reactive sites in the molecule and help explain 
intermolecular interactions between molecules. 
A basic tenet of quantum mechanics requires electrons to be delocalized over the 
whole molecule. Therefore, ab initio calculations cannot provide direct values of atomic
charges. Computational methods for assigning atomic charges in a molecule are classified 
into three groups [37]: (1) those based on the wave function (e.g. Mulliken population 
analysis and Natural Population Analysis (NPA)), (2) those based on the electron density 
(e.g. the Atoms in Molecules (AIM) computation), and (3) those based on fitting the 
molecular electrostatic potential (ESP) (e.g. the ChelpG, the Merz–Singh–Kollman 
(MK), and the Resp schemes).  
The most rigorous method to calculate atomic charges is the Merz–Singh– 





assigns atomic charges by the following procedure. The molecular surfaces are first built 
by overlaying layers outside of the van der Waals surface of the molecule with grid 
points located on these layers. A charge is placed at each nucleus and the ESP calculated 
at each grid point. Each charge value is then varied until the ESP resulting from these 
charges fit the ESP from the ab initio method. The charge of a system comes from a 
summation of all atomic charges. In this dissertation, all atomic charges have been 
computed using the Merz–Singh–Kollman (MK) scheme. 
Quantum Mechanical Solvation Models 
Predicting the properties of a molecule or a small cluster of molecules in the gas 
phase by computational methods is a mature technique. However, organic reactions often 
occur in solution and the solvent influences geometries, energies, and molecular 
properties (e.g. rotational barriers). A current challenge for computational chemistry is to 
accurately predict the properties of solvated molecules. 
A solution is comprised of a solute surrounded by solvent molecules and their 
interaction is called solvation. A deeper consideration of solutions has revealed the 
electrostatic interaction between solute and solvent depends on the charge distribution 
and polarizability of the solute as well as the solvent. Polarizability is the tendency of the 
electron density of a molecule to be distorted by an external electric field (E) which 
induces a dipole moment ( μ ) in the molecule. The possible types of solute-solvent 
interactions are: (1) ion-dipole: the ionic solute is solvated by solvent molecules with 
permanent dipole moments (dipolar molecules); (2) dipole-dipole: both solute and solvent 







non-polar species interacting with a dipolar molecule; and (4) induced dipole-induced 
dipole (e.g. dispersion interaction or London forces): the movement of electrons forms a 
temporary dipole in one molecule which induces a temporary dipole in the other 
molecule, both species being non-polar. 
Hydrogen bonding (illustrated in Figure 2.1) is a strong dipole-dipole attraction 
between a species R-X-H , called the hydrogen bond donor and a species Y-R, called the 
hydrogen bond acceptor, which has a lone pair of electrons [39].  
R-X-H + :Y-R'  R-X-H ⋅ ⋅ ⋅ ⋅Y-R'
Figure 2.2 
Hydrogen bonding 
The X and Y atoms are either F, Cl, O, or N atoms and the hydrogen atom always has a 
much lower electronegativity than the X and Y atoms. There are two types of hydrogen 
bonding, inter- and intra-molecular hydrogen bonding. Hydrogen bonding influences the 
properties of compounds such as stabilities, rotational barriers, boiling points, and so 
forth. 
In general, solvents are characterized by their dielectric constants (ε ) and 
structures. The dielectric constant is the relative permittivity of the solvent and strongly 
effects the interaction between species (e.g. solute and solvent) in solution. If the solvent 
is polar or highly polarizable, its dielectric constant is large. Structurally, solvents can be 
divided into protic and aprotic solvents. Protic solvents contain hydrogens bonded to 






these hydrogens and are further classified by their dielectric constants. Those with low 
dielectric constants are called aprotic nonpolar solvents (e.g. hexane and carbon 
tetrachloride), while solvents with high dielectric constants are called polar aprotic 
solvents (acetone and acetonitrile). This research used dichloromethane and water as 
solvents to study solvent effects. Water is classified as a polar protic solvent which can 
form hydrogen bonding; dichloromethane is classified as a moderately polar aprotic 
solvent and shows little tendency to form hydrogen bonds. 
A large variety of computational solvation models have been proposed and each 
describes the intermolecular interactions (i.e. solute and solvent) differently. This 
research utilized the Super-Molecular Approach (SMA) [40] and two Continuum
Solvation Models (CSMs): (1) Polarizable Continuum Model (PCM) [40a,41] and (2) 
COnductor-like Screening MOdel (COSMO) [42]. 
Super-Molecular Approach (SMA) 
The first solvation approach is the Super-Molecular Approach (SMA). SMA 
describes the microscopic interactions in a system by quantum mechanical methods. The 
system consists of the solute surrounded with small aggregates of solvent molecules. This 
approach is considered by some to be the most real world because the electronic wave 
function includes the solute and all solvent molecules. The accuracy of this method 
depends on the number and the position of the solvent molecules surrounding the solute. 
There are three main drawbacks for this approach. The first drawback is that the 
calculation becomes more computationally demanding as the size of the system increases.






errors [40b,c]. Thus, highly accurate methods must be used. The third drawback is the 
inherent high specificity and high directionality of the molecular interactions in the SMA 
model in contrast to the random interactions in a real solution.  
This research utilized the SMA to study the solvent effect on the rotational barrier 
around the carbon-carbon double bond in push-pull systems NH2CH=CHX; where the 
electron acceptors X are BH2, C≡N, NO2, and CH2. In each calculation, a single solvent 
molecule was used. That single solvent molecule was either dichloromethane or water.
Continuum Solvation Models (CSMs) 
The second solvation approach involves the use of the Continuum Solvation 
Models (CSMs). Max Born was an early pioneer of CSMs and focused on electrostatic 
effects of the dielectric model [41h,43]. This work was expanded by Onsager and 
Kirkwood using spherical and ellipsoidal cavities, respectively [44]. However, their 
results were limited by an inaccurate description of the solute-solvent interactions in the 
first solvation shell [42m]. Presently, CSMs, such as the Polarizable Continuum Model 
(PCM) [40a,41a-k], the solvation model of Truhlar and Cramer (SMx) [45], and the 
COnductor-like Screening MOdel (COSMO) [42h] are used as tools to provide 
information about solvation effects. The research reported in this dissertation utilized the 
PCM and the COSMO approaches to study the effect of the solvent (i.e. dichloromethane 
or water) on a total of twelve molecules (i.e. cis-, trans-, and transition state structures of 
the NH2CH=CHX system; where the electron acceptors X are BH2, C≡N, NO2, and 
CH2) and also to study the solvent effect on the rotational barriers around the carbon-






There are some definitions and characteristics essential to a basic understanding 
of the continuum solvation models (CSMs). The basic model system consists of a single 
solute molecule immersed in an infinite solvent reservoir described by the continuum and 
no chemical reactions occur in the system. Thus, this system is a very dilute solution. The 
infinite number of solvent molecules have no physical structure but are represented as a 
homogeneous continuum of dielectric constant, ε , the so-called dielectric medium. The 
single solute molecule is represented by a charge distribution, ρ( )r , derived from the 
electrons and nuclei, fixed in the cavity surrounded by an infinite polarizable dielectric 
medium with permittivity, ε , and described by the ab initio quantum mechanical 
molecular calculation. The different continuum models define the void cavity in different 
ways. The cavity is filled by the solute described by an electronic and nuclear charge
distribution, which in turn generates a reaction field. The reaction field consists of the 
electric field produced by the medium polarized by the electric charge distribution of the 
solute which in turn exerts an influence back on the solute. Quantum mechanical 
calculations for simple cavity shapes (e.g. spherical or ellipsoidal) are fast and simple. 
More realistic models use a void cavity formed from interlocking spheres located on each 
nucleus and describe the surface of the cavity as either a Solvent Accessible Surface 
(SAS), or a Sovent-Excluded Surface (SES) [41g].  
Polarizable Continuum Model (PCM)  
Research performed in this dissertation also employed the Polarizable Continuum
Model (PCM) developed primarily by the Pisa group of Tomasi et al. in 1981 [41a] and 




analytical expression for the gradient of energy with respect to the solute geometry via 
the calculation of the self-consistent reaction field (SCRF) solvation model. The 
advantages of the PCM model are its accuracy, the reasonable computational cost for HF 
and DFT methods, and it’s applicability to a wide range of molecules and molecule size. 
Presently, there are three versions of PCM available (i.e. Dielectric PCM 
(DPCM), Conductor screening PCM, and Integral Equation Formalism PCM). These 
three methods implemented in Gaussian 98 are highly efficient for predicting solvent 
effects. This research utilized only the DPCM approach to study the effect of solvents in 
push-pull systems. 
DPCM uses the United Atom for Hartree-Fock (UAHF) model [41i,k] to build the 
cavity. The United Atom approach constructs the van der Waals surface on heavy 
element surfaces only. The actual van der Waals radius of each element is based on its 
basic radius, substituent parameter, hybridization, and the number of attached hydrogen 
atoms. The interlocking van der Waals sphere centered on each nuclei of the solute is the 
cavity shape for the PCM model and it is used to specify the non-electrostatic terms. 
DPCM models the solvent as a homogeneous continuum of polarizable infinite dielectric 
medium which has a dielectric constant, ε , without any solvent present. The cavity in 
the medium is designed and the solute is filled in the cavity. The interaction between the 
solute and the medium generates the reaction field.  
The solute-solvent interaction potential obtained with continuum models is 
considered to be a perturbation operator (V̂ σ ) to the Hamiltonian of the solute ( Ĥ 
0 ) in 
vacuo using the Born-Oppenheimer approximation. Both operators are combined to form
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the effective Hamiltonian for the Schrödinger equation (Eq. 2-103). An iterative 
procedure is used to solve Eq. 2-103 and provides the new solute wave functions in 
Ψ ( )f E ( )fsolution, . The eigenvalues, , contain all information about the effect of solvent 
on the isolated solute. The solution of Eq. 2-103 gives the total charge distribution of the 
solute ρ( )r  associated with V̂ σ . 
ˆ 0 0 0 0H Ψ = E Ψ in vacuo (2-102) 
⎡ ˆ 0 ˆ ⎤ ( f ) ( f ) ( f )⎣H + Vσ Ψ = E Ψ  in solution (2-103)⎦ 
ˆ ( )f ˆ 0 ˆH = H + Vσ  (2-104) 
Ĥ ( )fThe Hamiltonian for the solution is represented by and an index (f) represents the 
final converged solution from iterative procedure. The solute wave function in vacuo is 
represented by Ψ0  in Eq. 2-102. 
DPCM uses an Apparent Surface Charge (ACS) approach to describe the solvent 
reaction potential V̂ σ  on the solute cavity surface [41h]. Point charges on the cavity 
surface represent the reaction field as shown in Eqs. 2-105 and 2-106: 
00 ( )qi 
00 = σ si ai  (2-105) 
01( )qi 
01 = σ si ai  (2-106) 
00 ⎡ε −1⎤ 0( )si = − ⎢ ⎥ Eρ ( )i n−  (2-107)σ s ⎣ 4πε ⎦ 








The unpertubated solute charge distribution ρ 0 ( )s 
0generates the electric field arising from the solute Eρ . 
Using 0 ρE  to evaluate 
00 
iq : 
(1) To substitute 0 ρE  into the Eq. 2-107 to get 
00 ( )iσ s . 




iq  yields the electric field 
0 ( )i nσ − E s  in the 
medium returned back to the Solute.  
The electric field of solute changed to be 0  00  ρ σ+E E . 
Using 0  00  ρ σ+E E to evaluate 
01 
iq  via the new 
definition of surface charge distribution 01( )iσ s . 
01 
iq  yields the electric field 
1 ( )i nσE s  in the medium 
returned back to the Solute.  
Iterative 
0 f 
iq is used to evaluate 
1( )ρ s : 
(1) 0 f iq is introduced to the perturbation operator (V̂σ ).
(2) Solving the Hamiltonian in the Eq. 2-103 for 1( )ρ s .
 Iterative 
( )ρ s  and ( )σ s  are readjusted until the self-consistency reached 
Figure 2.3 
Illustration of the basic steps for the SCF cycle in HF or DFT calculation  





 Eel = Ψ
( )f ˆ ( )f 1 ˆH − Vσ Ψ
( )f
2 
Scheme 2 gives the details for the SCF cycle reported by Tomasi et al.[41a]. The 
point charge qi 
00 is associated with a small portion (tessera), with area ai , of the whole 
00 ( )cavity surface and the surface charge distribution σ s  at the point si  is in the center i 
of the tessera i. The iteration starts from the polarization of ρ 0 ( )s  and then finally 
0 f 0 fcalculates the final point charges qi . The qi  is introduced into Eq. 2-103 in the form
q0 f 
of V̂ σ = ∑ i  as the perturbation operator (V̂ σ ) to the Hamiltonian of the solute r r− i 
( Ĥ 0 ) in the gas phase. The new solute charge distribution ρ1( )s  is calculated by solving 
the Hamiltonian in Eq. 2-103. ρ( )s  and σ ( )s  are readjusted until self-consistency is 
reached as detailed in Scheme 2. 
The molecular free energy of the solute in DPCM is the summation of the 
electrostatic term ( Eel ), which is the most important and makes a large difference in the 
chemistry,  
 (2-109)
and the non-electrostatic (non-interaction between electrons and nuclei) terms which are 
comprised of three elements. The first term is the energy spent to create the cavity in the 
dielectric medium called cavitation energy ( E ). Next, the repulsion term ( E ) takescav rep 
into account the presence of the cavity where all solvent molecules are kept out of the 







out of the cavity. All non-electrostatic terms should not make a large difference in the 
chemistry. 
COnductor-like Screening MOdel (COSMO)
The second Continuum Solvation Model (CSM) this research used was the 
COnductor-like Screening MOdel (COSMO) implemented in Parallel Quantum Solutions 
(PQS) [42j]. 
The COnductor-like Screening MOdel (COSMO) proposed by Klamt and 
Schüürmann [42a,e] in 1993 extended the work of Hoshi et al. COSMO is much more 
efficient and less complicated than the Hoshi approach to calculate gradients and to 
perform geometry optimization without shape constrains. COSMO is much better at 
reducing errors resulting from outlying charge. The outlying charge occurs when the 
solute charge escapes outside of the cavity. The cavity surface for COSMO is defined by 
the solvent-accessible surface (SAS) which represents the real-shape continuum
approaches. It is generated by rolling a solvent sphere over all the van der Waals surface 
of the solute atomic spheres. The SAS’s size depends on the geometries of solutes and the 
sum of the atomic van der Waals radius of solute atomic spheres and the solvent radius.  
An apparent surface charge (ASC) approach is used in the COSMO model to 
divide the cavity surface [42a] into m-segments. For example, the i th segment with the 
area si  has a constant screening charge densityσ i  corresponding to screening charge or 
surface charge, qi : q = s σ , as an external potential [42n]. The computational cost i i i 
depends on the number of segments.  
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COSMO is based on a boundary element method. That is, the polarization charge 
or screening charges induced by the solute are located on the finite-boundary between the 
solute and the continuum medium. COSMO is based on the screening in conductors and 
the details for the SCF cycle for HF and DFT (Scheme 3) is reported by Klamt et al. 
[42a,g,n]. The simple boundary conditions and the screening effects in an infinite 
conductor cause the total potential on the surface of a conductor to be equal to zero as 
Φ tot = Φsol + Φq = 0           (2-110) 
where Φsol  and Φq denote the vectors of electrostatic potentials on the m-segments from
the charge distribution of the solute and from the screening charges (surface charges), 
respectively.
The Φq  can be determined as  
Φ = Aq *  (2-111)q 
q = f ( )ε q *  (2-112) 
ε −1f ( )ε =  (2-113)
ε + x 
where f ( )ε is a scaling factor, ε is the dielectric constant of the solvent, x is a number 
between 0 and 1 (x = 0.5 has been reported to be optimal and is used in this study) 
depending on the geometry of the cavity and multipole moment of the solute, q  is a 
vector of the set of screening charges on m-segments, A  is the segment-segment 
interaction matrix, and q * is the screening charge in a conductor. 




The Φsol  can be determined as  
Φ = BQ  (2-115)sol i 
where B  denotes the density-segment interaction matrix. 
Half of the interaction energy E  between electrostatic potentials on the m-int 
segments arising from the solute and the screening charges on the segments represents 
the solvent polarization. Therefore, the final SCF energy from HF or DFT must be 
reduced by half of the interaction energy. The details for the SCF cycle for HF and DFT 





   
 
 
    
        
Start with the charge distribution of solute Qi 
Iterative 
Determine the solute potential Φ  from Φ = BQsol sol i 
Determine the new screening charges q  from Aq = − f ( )ε Φsol 
Determine the interaction energy E  from E = qΦint int sol 
q  is used to evaluate 1i+Q  and the total energy: 
(1) Construct the new Hamiltonian including the new screening  
charges q  as an external potential.
(2) Solving the new Hamiltonian for 1i+Q  and the total energy 1iE +
1  /  int  
1 
2i  HF  DFT  
E E E+ = − 









Illustration of the basic steps for the SCF cycle in HF or DFT calculation  





The rotation about the central carbon-carbon double bond was chosen as a probe 
for the push-pull effects. For all species, preliminary geometry optimizations of the cis-, 
trans-, and transition states were performed using ab initio calculations at the HF-level 
using the 6-31++G(d,p) [34] basis set. These geometries were used as starting points for 
the more accurate calculations. All structures reported here have been optimized using 
density functional theory with the B3-LYP potential as well as the MP2 method and the 
6-31++G(d,p) and 6-311++G(d,p) [34a,e,d] basis sets were used, respectively.  
Unfortunately, we experienced numerical problems for some of the MP2 calculations and 
in these cases we were forced to use the somewhat smaller 6-311+G(d,p) basis set.  For 
all optimized structures harmonic vibrational frequencies were calculated at the same
level of theory to confirm that the structure represented a minimum or a transition state 
on the molecular potential surface. This research also utilized stability calculations to 
confirm that the optimized electronic wave functions were stable [46].  
The Synchronous Transit-Guided Quasi-Newton (STQN) method was used for 
searching and locating the transition state structures. The STQN method was developed 
by Schlegel and coworkers [47] and uses a linear or quadratic synchronous transit method 
to search for a maximum along a parabola connecting two minima. The quasi-Newton 
method does not calculate the Hessian matrix (or the force constant matrix) directly, but 
it starts with an approximation for the Hessian and uses the gradient information to 
improve this approximation. Hessian is the second derivatives of energy U respected to 












For all structures, atomic charges were calculated using the Merz–Singh–Kollman 
(MK) scheme [38].  
Solvent effects were studied using a super molecular approach (SMA) with a 
single solvent molecule and with the PCM and COSMO solvent models.  In each case 
calculations were carried out with two different solvents, water and dichloromethane. 
Throughout this dissertation, bond lengths are given in Ångstroms (Å), angles in 
degrees (°), total energies in Hartrees, relative energies (e.g. the rotational barrier) in 
kcal/mol, dipole moments in Debyes (D), atomic charges in electrons (e), and electron
isodensity surface in electrons per cubic Bohr radius. 
Most calculations utilized the Gaussian suite G98 suit programs [48] and were 
performed at the Mississippi Center for Supercomputing Research on a Silicon Graphics 
Computers. Many calculations were carried out on PQS computer systems at Misssissippi 
State University. We chose Molden [49] and Gauss View [50] programs to create input 
files, to visualize results, and also to display molecular structure and the electron 












AB INITIO STUDY OF THE ROTATION AROUND THE  
CARBON-CARBON DOUBLE BOND OF NH2CH=CHX; 
X = BH2, C≡N, NO2, AND CH2 
Results, Discussion, and Conclusions 
In this chapter the results of ab initio studies to determine the rotational barriers 
about the carbon-carbon double bonds, for the series H2NCH=CHX, where the electron 
acceptors X are BH2, C≡N, NO2, and CH2 are presented. 
The magnitude of the push-pull effects can be rationalized by the relative 
contribution of the resonance forms I-VI in Figure 3.1. The larger the push-pull effect, 
the larger the contribution from resonance forms III in the trans form or VI in the cis 
form. A significant contribution from resonance forms III or VI can manifest itself in 
three ways: (1) changing the bond lengths, especially elongation of the central C=C 
double bond and shortening of the C-N and C-X bonds, (2) lowering of the central C=C 
bond’s rotational barrier, and (3) increasing charge separation.  
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Resonance structures I-III and IV-VI show the consequence of 
push-pull effects for the trans and cis forms, respectively 
Structures and labeling schemes for (Z)-2-boranyl-vinyl amine (1a), (E)-2-
boranyl-vinyl amine (1b), (2Z)-3-aminoacrylonitrile (2a), (2E)-3-aminoacrylonitrile (2b), 
(Z)-2-nitroethylenamine (3a), (E)-2-nitroethylenamine (3b), (2Z)-3-aminoprop-2-en-1-
ylium cation (4a), and (2E)-3-aminoprop-2-en-1-ylium cation (4b) are given in Figure 
3.2. 
Optimized geometrical parameters, molecular point groups, dipole moments, and 
total energies for 1a,b-4a,b and TS 1-TS 4 calculated at the B3LYP/6-31++G(d,p), 
MP2/6-311+G(d,p), and MP2/6-311++G(d,p) levels of theory are summarized in Tables 
3.1-3.12. The relative Gibbs energy (ΔGcis/trans) between cis and trans forms and the 





































31++G(d,p), MP2/6-311+G(d,p), and MP2/6-311++G(d,p) levels of theory are 
summarized in Tables 3.13-3.15. Merz-Singh-Kollman atomic charges calculated at 
B3LYP/6-31++G(d,p), MP2/6-311+G(d,p), and MP2/6-311++G(d,p) levels of theory are 
listed in Table 3.16-3.19. The electron isodensity surfaces of molecules 1a,b-4a,b and
TS 1-TS 4 were plotted using Molden. Electron isodensity surfaces plots at the MP2/6-
311++G(d,p) level of theory are shown in Figures 3.4-3.7. 
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Structures and labeling schemes for molecules 1a,b-4a,b 


































The structure and labeling scheme of the X-C(1)-C(2)-N dihedral angle (ω) in
transition states TS 1-TS 4 (X = BH2, C≡N, NO2, and CH2) is shown in Figure 3.3. 
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Structure and labeling scheme of the X-C(1)-C(2)-N dihedral angle (ω) 




























Electron isodensity surfaces of (Z)-2-boranyl-vinylamine (1a), (E)-2-boranyl-
vinylamine (1b) and Transition State 1 (TS 1) at the 

























Electron isodensity surfaces of (2Z)-3-aminoacrylonitrile (2a), (2E)-3-aminoacrylonitrile 
(2b), and Transition State 2 (TS 2) at the MP2/6-311++G(d,p) 






























Electron isodensity surfaces of (Z)-2-nitroethylenamine (3a), (E)-2-nitroethylenamine 
(3b), and Transition State 3 (TS 3) at the MP2/6-311++G(d,p)  






















Electron isodensity surfaces of (2Z)-3-aminoprop-2-en-1-ylium cation (4a), (2E)-3-
aminoprop-2-en-1-ylium cation (4b), and Transition State 4 (TS 4) 













For reference purposes, this study also examined ethylene, (1Z)-prop-1-en-1-
amine (5a), vinyl borane (6), acrylonitrile (7), nitroethylene (8), p op-2-enr -1-ylium cation 
(9), and vinylamine (10). These molecules were used as references for bond lengths, 
energies, and/or electron density in this chapter in order to compare with the push-pull 
systems 1-4. Structures and labeling schemes for ethylene, 5a and 6-10 are given in 
Figure 3.8. 
The purpose of 5a is reference electron density of molecule 4a. Molecules 6-9
provide an electron acceptor without an electron donor (the amino group) at the other 
end. Thus, the “push” of electron density has been eliminated and only the “pull” remains 
for comparison with 1-4. Molecule 10 provides an amino donor without an electron 
acceptor at the other end. This is a model with electron “push” but no “pull”. 
Optimized geometrical parameters, molecular point groups, dipole moments, 
and/or total energies for ethylene, 5a and 6-10 calculated at the B3LYP/6-31++G(d,p), 
MP2/6-311+G(d,p), and MP2/6-311++G(d,p) levels of theory are summarized in Tables 
3.20-3.22. However, data indicated that the bond lengths from the same molecule at 
MP2/6-311+G(d,p) and MP2/6-311++G(d,p) levels of theory are equal. Electron density 
plot of 5a at the MP2/6-311++G(d,p) level of theory is shown in Figure 3.9. 
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Electron isodensity surface of (1Z)-prop-1-en-1-amine (5a) 
at the MP2/6-311++G(d,p) level of theory (X = CH3) 
Planarity of NH2 Groups 
The planarity of the -NH2 (amino) group can be measured by summing of the 
three bond angles around the -NH2 group (i.e. C(2)-N(3)-H(4), C(2)-N(3)-H(5), and 
H(4)-N(3)-H(5)). The fully planar -NH2 has a sum of 360°, while the pyramidal ammonia 
molecule has a sum of 321.9° in its equilibrium geometry. The geometry of the -NH2 
(amino) group can thus be described by a percentage of pyramidalization defined as 
360 - ∑Bond angles in the NH2  group% Pyramidalization = ×100  (3-1)
38.1 
where it is assumed that NH3 has 100% pyramidalization. 
The percent of pyramidalization ranges from 0% for the planar sp2 hybridized NH2 
(amino) group to 100% for the sp3 hybridized NH3 (ammonia). 
In general the -NH2 group is expected to have a pyramidal geometry similar to 
ammonia. However, in push-pull ethylenes the -NH2 group acts as an electron donor. An 
  
 






sp2 hybridized NH2 allows the lone pair electrons to delocalize (by resonance) into the π-
electron system to a far greater extent than is possible in a pyramidal sp3 hybridized NH2. 
Therefore, the -NH2 groups in the push-pull ethylenes are predicted to be more planar 
than ammonia and most amines. 
At the B3LYP/6-31++G(d,p) level of theory, the -NH2 group in the cis and trans 
forms of 1 (X = BH2), cis and trans forms of 3 (X = NO2), the cis form of 4 (X = CH2), 
TS 1 (X = BH ), TS 2 (X = C≡N), and TS 4 (X = CH ) are all planar. However, the       2 2 
-NH2 groups in the cis and trans forms of 2 (X = C≡N), the trans form of 4 (X = CH2), 
and TS 3 (X = NO2) are slightly nonplanar with % pyramidalization of 1, 8, 1, and 6%, 
respectively.
Our data suggested that at the DFT level the -NH2 groups in molecules 1a,b, 3a,b,
4a, TS 1, TS 2, and TS 4 are planar. However, the -NH2 groups in 2a,b, 4b, and TS 3 are 
almost planar.  
At MP2/6-311+G(d,p) and MP2/6-311++G(d,p) levels of theory, all -NH2 groups 
in cis and trans molecules 4a,b (X = CH2), TS 1, TS 2, and TS 4 are planar. The 
percentage of pyramidalization of the -NH2 groups in cis and trans molecules 1a,b-3a,b 
and TS 3 are 19, 17, 29, 34, 12, 28, and 3%, respectively.
In summary, at the MP2 levels data suggested that the -NH2 groups in 4a,b, TS 1,
TS 2, and TS 4 are planar. In TS 3 the NH2 is almost planar. The -NH2 groups in 1a,b-
3a,b are significantly pyramidal. 
Push-pull effects are expected to be stronger in molecules with a planar NH2 since 








Three types of bond lengths in the NH2CH=CHX system are discussed and 
compared with reference molecules: (1) C(1)=C(2) double bond, (2) C(2)-N(3) (amino) 
single bond, and (3) C(1)-X(8) single bond. A differential bond length is defined by Eq. 
3-2: 
ΔB B  − B=  (3-2)molecule REF 
where B  is the molecular bond length and B  is the reference bond length. Amolecule REF 
positive number means the molecular bond length in the push-pull system is longer than 
in the reference molecules.  
Three reference structures for the C(1)=C(2) bond length were used: (1) ethylene 
provided a C=C double bond used as reference to study overall push-pull effects on the 
C(1)=C(2) double bond length in each system, (2) molecules 6-9 were used as references 
to study electron push effects by NH2 on the C(1)=C(2) double bond length in molecules 
1-4, respectively. Finally, (3) molecule 10 was used as reference to study electron pull 
effects on the C(1)=C(2) double bond caused by electron acceptors X [i.e. BH2, CN, NO2, 
and CH2] in 1-4. Molecules 6-9 were also used as references to evaluate the C(1)-X(8) 
bonds and molecule 10 for the C(2)-N(3) (amino) bond length.  
C(1)=C(2) Double Bond 
At the B3LYP/6-31++G(d,p) level of theory, C(1)=C(2) double bonds in 1a,b-
4a,b are 0.043 Å, 0.037 Å, 0.028 Å, 0.024 Å, 0.033 Å, 0.021 Å, 0.107 Å, and 0.095 Å 








Clearly, the push-pull combined effect lengthens the central double bond, suggesting a 
reduction of bond orders and rotational barriers. 
When only the pull of BH2, C≡N, NO2, and CH2 in 1a-4a (cis forms) of 1-4 are 
considered, C=C double bonds are 0.034 Å, 0.019 Å, 0.024 Å, and 0.098 Å longer than 
the C=C double bond length in reference molecule 10, respectively. Similarly, in 1b-4b 
(trans forms), C=C double bonds are 0.028 Å, 0.015 Å, 0.012 Å, and 0.086 Å longer than 
that of 10, respectively. 
When only the electron push of NH2 is considered, C=C double bonds of the cis 
forms are 0.027 Å, 0.022 Å, 0.038 Å, and 0.056 Å longer than the appropriate reference 
molecules 6-9 (without -NH2 groups), respectively, while C=C double bonds of the trans 
forms of 1-4 are 0.021 Å, 0.018 Å, 0.026 Å, and 0.044 Å longer, respectively.  
These results suggest that the pull effects are stronger for systems 1 and 4, while 
the push effects are more important in systems 2 and 3. 
The bond lengths at both MP2 levels are the same. Molecules 1a,b-4a,b have 
C=C double bonds 0.038 Å, 0.032 Å, 0.019 Å, 0.016 Å, 0.021 Å, 0.009 Å, 0.107 Å, and 
0.094 Å longer than the calculated C=C double bond of ethylene, respectively. The push-
pull effect predicted in trans-NH2CH=CHNO2, based on ΔB, is surprisingly small 
considering that NO2 is a strong electron withdrawing group by both inductive and 
resonance effects. 
When only the electron pull of BH2, C≡N, NO2, and CH2 in 1a-4a (cis forms) 
are considered, C=C double bonds are 0.032 Å, 0.013 Å, 0.015 Å, and 0.101 Å longer 














Å, 0.010 Å, 0.003 Å, and 0.088 Å longer, respectively. Once again, the C=C bond length 
in molecule 3b is not significantly different from the C=C bond length in reference 10.
When only the electron push of NH2 is considered, the C=C double bonds of the 
cis forms of 1-4 are 0.022 Å, 0.014 Å, 0.028 Å, and 0.060 Å longer than those in 
references 6-9, respectively. Likewise, the C=C double bonds of the trans forms of 1-4 
are 0.016 Å, 0.011 Å, 0.016 Å, and 0.047 Å longer, respectively, than in 6-9. 
The MP2 results indicate that the pull effects are stronger in 1a,b and 4a,b, while
the push effects are stronger in 2a,b and 3a,b. This is the same outcome predicted by the 
DFT computations. 
In summary, the C=C double bond lengths in molecules 1a,b-4a,b are 
significantly longer than the C=C double bond of ethylene and also significantly longer 
than the C=C double bonds in 6-9 and 10. In all cases, the bond length of the cis form is 
longer than the trans form of the same molecule. The push-pull effect makes resonance 
structures III and VI major contributors to the electronic structures of trans and cis forms 
of 1-4, respectively. 
Electron acceptor strength is consistent across all three levels of theory when  
ranked by its contribution to the push-pull effects which lengthen the C=C double bonds. 
For the cis forms, CH2 is clearly the strongest electron acceptor followed by BH2, NO2, 
and C≡N. In the trans forms, CH2 is also the strongest electron acceptor followed again 
by BH2. However, the C≡N and NO2 acceptors are in reverse order compared to the cis












At the B3LYP/6-31++G(d,p) level of theory, cis molecules 1a-4a have C(2)-N(3) 
bonds that are 0.040 Å, 0.040 Å, 0.048 Å, and 0.090 Å shorter than the C(2)-N(3) bond 
vinylamine, 10, respectively. Similarly, trans molecules 1b-4b have C(2)-N(3) bonds 
0.040 Å, 0.030 Å, 0.037 Å, and 0.086 Å shorter, respectively, than the C-N bond in 10. 
At the MP2 levels, cis molecules 1a-4a have C(2)-N(3) bonds 0.030 Å, 0.020 Å, 
0.040 Å, and 0.100 Å shorter than the C(2)-N(3) bond in molecule 10, respectively, while 
in the 1b-4b, trans series, the C(2)-N(3) (amino) bonds are 0.030 Å, 0.014 Å, 0.020 Å, 
and 0.090 Å shorter, respectively, than in 10. 
These results show that C(2)-N(3) (amino) bond lengths in molecules 1a,b-4a,b
are significantly shorter than that in molecule 10. This is another indication that the push-
pull effect makes resonance structures III and VI major contributors to the electronic 
structures of trans and cis forms of 1-4, respectively. 
Electron acceptor strength is consistent across all three levels of theory and can be 
ranked by the contribution to the contraction of the C(2)-N(3) bond lengths caused by the
push-pull electronic effects. For the cis forms, CH2 is clearly the strongest electron 
acceptor followed by NO2, BH2, and C≡N. In the trans forms, CH2 is also the strongest 
electron acceptor but BH2 is the second strongest. Furthermore, in the trans series C≡N is
followed by NO2. 
C(1)-X(8) Bond 
At the B3LYP/6-31++G(d,p) level of theory, push-pull molecules 1a-4a have C-











pull only molecules 6-9, respectively. The corresponding trans molecules 1b-4b have C-
X bonds 0.040 Å, 0.011 Å, 0.033 Å, and 0.033 Å shorter, respectively, than those in 6-9. 
At the MP2-levels, cis molecules 1a-4a exhibit C-X bond lengths which are 0.030 
Å, 0.010 Å, 0.033 Å, and 0.036 Å shorter than the C-X bond in reference structures 6-9, 
respectively. The C-X bonds of trans molecules 1b-4b are 0.030 Å, 0.010 Å, 0.020 Å, 
and 0.033 Å shorter, respectively, than the C-X bonds in 6-9. 
All these calculations predict that the C-X bonds for systems 1-4 are significantly 
shorter than those of reference molecules 6-9, respectively. The push-pull effect makes 
resonance structures III and VI major contributors to the electronic structures of trans 
and cis forms of 1-4, respectively. 
Relative Energies between Cis and Trans Forms 
Relative Gibbs energies (ΔGcis/trans) between the cis and trans forms of molecules 
1-4 are given in Tables 3.13-3.15, respectively. These results show that the trans forms 
are more stable than the cis forms for systems 1 and 4, while the cis form is the most 
stable form for systems 2 and 3. 
These results are consistent with the abilities of the cis forms of 2 and 3 to form
intramolecular hydrogen bonds. The atomic charge of the O(9) atom in the NO2 
substituent (3a: cis form) is negative (see details in Table 3.18); therefore, this oxygen 
atom can readily form an intramolecular hydrogen bond with H(5) in the amino group.
This six-membered ring geometry is favorable. The distances between O(9) and H(5) at 
B3LYP/6-31++G(d,p) and MP2-6-311++G(d,p) levels are 1.986 Å and 2.019 Å, 












The atomic charge of the N(9) atom in the C≡N substituent (2a: cis form) is 
negative (see details in Table 3.17); therefore, this nitrogen atom can also form an 
intramolecular hydrogen bond with H(5) in the amino group. The geometry in 2a is not as
favorable for H-bonding as that in 3a.The distances between N(9) and H(5) at B3LYP/6-
31++G(d,p) and MP2 levels are 3.069 Å and 2.959 Å, respectively. However, this is still
well within the range of a hydrogen bond. [51]. 
Results of relative energies in Tables 3.13-3.15 from all levels of theory reveal 
that the differential total energies (ΔE) between the cis and trans forms of systems 3 are
significantly different from the differential Gibbs energies (ΔG) between the cis and trans 
forms of systems 3. Data shows that the cis molecule 3a has the entropy lower than the 
trans molecule 3b due to an intramolecular hydrogen bond in the cis form. 
Rotational Barriers about C(1)=C(2) Double Bond 
This section examines the total push-pull electronic effect on the rotational barrier 
around the C=C double bond in the NH2CH=CHX system.  The rotational barrier 
between the cis and trans forms involves breaking the π-bond of the C=C double bond as 
shown in Figure 3.10. As stated earlier, if resonance structures III and VI (Figure 3.1) are 
major contributors to the electronic structure of this system, the rotational barriers in 1-4
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(Transition state systems) 
Figure 3.10 
The π-bond in cis, trans NH2CH=CHX and the perpendicular 
p-orbitals in the alkene transition states 
Two references for rotational barriers are used: (1) the rotational barrier of 1,2-
dideuteroethylene from experiment is 65.0 kcal/mol [6] and (2) the relative Gibbs energy
(ΔG‡ROT) rotational barrier of ethylene from unrestricted calculations at B3LYP/6-
31++G(d,p), MP2-6-311+G(d,p), and MP2-6-311++G(d,p) levels of theory are 58.0, 
63.2, and 63.4 kcal/mol, respectively.  
The lower the C=C rotational barrier in molecules 1-4, the stronger the push-pull 
effect. Data from all three levels of theory (B3LYP/6-31++G(d,p), MP2-6-311+G(d,p), 
and MP2-6-311++G(d,p)) indicate that the lowest rotational barriers occur in the CH2-
substituted derivatives (12.5, 10.5, and 10.6 kcal/mol, respectively for the three levels of
theory). The second lowest barrier is found in the BH2-substituted derivative (35.1, 35.5, 
and 35.5 kcal/mol, respectively for the three levels of theory). The third lowest barrier 
was predicted in the NO2-substituted derivative (39.2, 43.7, and 43.8 kcal/mol, 






calculated for the C≡N-substituted derivative (48.9, 51.1, and 51.1 kcal/mol, respectively 
for the three levels of theory).  
The predicted order of electron acceptor strength is consistent across all three 
levels of theory when using the reduction in rotational barriers as a criterion. Clearly, 
CH2 is the strongest electron acceptor followed by BH2, NO2, and C≡N. In fact, the 
rotational barriers for the CH2-substituted derivatives at all three levels of theory are 5, 
6, and 6 times lower than the experimental rotational barrier of ethylene (65.0 kcal/mol) 
[6] and 5, 6, and 6 times lower than those calculated at B3LYP/6-31++G(d,p), MP2-6-
311+G(d,p), and MP2-6-311++G(d,p) levels of theory, respectively. The weakest push-
pull effect occurs with the C≡N acceptor where rotational barriers are only about 9-12
kcal/mol calculated for ethylene and 14-16 kcal/mol lower than the experimental value of 
ethylene.   
At this point, reasons for the difference in rotational barriers between the systems 
aare proposed. The rotation l barriers of systems 2 (X = C≡N) and 3 (X = NO2) are greater
than those of systems 1 (X = BH2) and 4 (X = CH2). Systems 2 and 3 contain electron-
sufficient atoms (e.g. a carbon atom in C≡N and a nitrogen atom in NO2, respectively), 
while systems 1 and 4 contain electron-deficient atoms (e.g. a boron atom in BH2 and a 
carbon atom in CH2, respectively). The electron acceptor strength of groups with 
electron-deficient atoms is stronger than those with electron-sufficient atoms. 
The rotational barrier of system 2 is greater than that of system 3 for two reasons. 
Firstly, the -NO2 group in TS 3 has an N(8) atom with a formal positive charge and can 



















a formal charge. Secondly, the resonance effect leads to the conclusion that the negative 
charge delocalizes on the sp2-hybridized oxygen atoms in the -NO2 group of TS 3 and the 
negative charge also delocalizes on the sp2-hybridized nitrogen atom in the -C≡N group 
of TS 2. Since the oxygen atom is more electronegative than the nitrogen atom, the 
oxygen atom can accommodate the negative charge better than the nitrogen atom. 
Clearly, transition state TS 3 is more stable than TS 2.
The rotational barrier of system 3 (X = NO2) is greater than systems 1 (X = BH2)
and 4 (X = CH2) because the -NO2 group is a weaker electron acceptor than the -BH2 
and - CH2 groups in systems 1 and 4. This effect is related to the higher electron density
at N(8) in the -NO2 group than the B(8) atom in the BH2 group and C(8) in the - CH2 
group. This, in turn, is due to electron delocalization in the -NO2 group. The electrostatic
repulsion between negative charges on the two sp2-hybridized oxygen atoms in NO2 
might explain why TS 3 is less stable than TS 1 and TS 4.
Cation 4 has a lower C=C rotational barrier than that for 1 (X = BH2) because of 
the formal positive charge on 4. System 4 has a stronger inductive effect than system 1
due to the formal positive charge in 4 to go with a very strong π-electron resonance 
interaction. Thus, the electron acceptor in system 4 is stronger than system 1. 
Dipole Moment 
In push-pull systems, a significant charge separation may exist as shown in 
resonance structures III and VI in Figure 3.1. The dipole moment for the cis molecule 1a
(X=BH2) at B3LYP/6-31++G(d,p), MP2/6-311+G(d,p), and MP2/6-311++G(d,p) levels 









for trans molecule 1b is 4.575 D, 4.049 D, and 4.046 D, respectively, for three levels of 
theory. 
The results from calculations at B3LYP/6-31++G(d,p), MP2/6-311+G(d,p), and 
MP2/6-311++G(d,p) levels of theory indicate that dipole moments for trans molecules 
1b-3b (X = BH2, C≡N, and NO2) are greater than those of cis molecules 1a-3a,
respectively. On the other hand, the dipole moment for cis molecule 4a (X = CH2) is 
greater than that of trans molecule 4b. 
Atomic Charges Using the Merz–Singh–Kollman (MK) Scheme 
Atomic charges were calculated using the Merz–Singh–Kollman (MK) scheme. 
Atomic charge values from calculations of 1a,b-4a,b (X = BH2, C≡N, NO2, and CH2) 
and TS 1-TS 4 at B3LYP/6-31++G(d,p), MP2/6-311+G(d,p), and MP2/6-311++G(d,p) 
levels of theory show the atomic charges of C(1), C(2), N(3), and X(8) atoms are partial 
negative, partial positive, partial negative, and partial positive, respectively. For example, 
at the B3LYP/6-31++G(d,p) level of theory, cis molecule 1a (X = BH2) has atomic 
charges which are -0.66 e on C(1), 0.35 e on C(2), -0.84 e on N(3), and 0.53 e on B(8). 
In molecules 1a-4a (cis forms) at the B3LYP/6-31++G(d,p) level, atomic charges 
on C(1) atoms are -0.66 e, -0.80 e, -0.62 e, and -0.26 e, respectively. Similarly, in 
molecules 1b-4b (trans forms) atomic charges on C(1) atoms are -0.59 e, -0.58 e, -0.48 e, 
and -0.22 e, respectively.
At MP2 levels, molecules 1b-4b (trans forms) gave the same atomic charge 
values. However, atomic charges in 1a-4a (cis forms) are slightly different between both 












molecules 1a-4a are -0.57 e, -0.68 e, -0.52 e, and -0.23 e, respectively. Likewise, atomic 
charges on C(1) atoms of trans forms of 1-4 are -0.59 e, -0.60 e, -0.45 e, and -0.23 e, 
respectively.
The push-pull effect makes resonance structures III and VI major contributors to 
the electronic structures of trans and cis forms of 1-4, respectively. The smaller the
negative charge on the C(1) atom in molecules 1-4, the stronger the electron acceptor. 
Electron acceptor strength is consistent across all three levels of theory when ranked by
its contribution to the push-pull effects which decrease negative charges on C(1) atoms. 
For the cis forms, CH2 is clearly the strongest electron acceptor followed by NO2, BH2, 
and C≡N. In the trans forms, CH2 is also the strongest electron acceptor followed again
by NO2. Furthermore, in the trans series C≡N is followed by BH2. 
Curiously, in 4a,b (X = CH2) at all levels of theory, the C(8) atoms in the      
- CH2 group exhibit a partial negative charge. At this point, two facts are crucial to 
understanding why the C(8) atoms in the - CH2 group exhibit a partial negative charge. 
Firstly, an unhybridized 2p-orbital of the sp2 hybridized C(8) atom parallels to π-bond of 
C(1)=C(2) double bond and allows π-electrons from the double bond delocalize into the 
C(8) atom. Secondly, the - CH2 group has the strongest inductive and resonance effects 
which is the same as prediction by the rotational barriers. Thus, it strongly pulls electrons
from the C(1) atom making the atomic charge on the C(8) atom more negative. 
In molecules TS 1-TS 4 at the B3LYP/6-31++G(d,p) level, the atomic charges on 







Both MP2 levels resulted in slightly different atomic charges in TS 1-TS 4. At the 
MP2/6-311++G(d,p) level of theory, atomic charges on C(1) atoms in TS 1-TS 4 are -
0.91 e, -1.22 e, -0.98 e, and -0.30 e, respectively.
Data from all three levels of theory indicate that partial negative charges on C(1) 
atoms in transition state molecules TS 1-TS 4 are larger than those in cis and trans 
molecules 1a,b-4a,b due to breaking the π-bond of the C=C double bond in transition 
state as shown in Figure 3.10. Clearly, transition state systems have significant charge 
separation. 
The electron acceptor strength in transition states at the B3LYP/6-31++G(d,p) 
level of theory when ranked by its contribution to the push-pull effects which decrease 
negative charges on C(1) atoms. The strongest electron acceptor is CH2 followed by 
NO2, BH2, and C≡N. The electron acceptor strength in transition states is consistent in 
both MP2/6-311+G(d,p) and MP2/6-311++G(d,p) levels of theory when ranked by its 
contribution to the push-pull effects which decrease negative charges on C(1) atoms. The
strongest electron acceptor is CH2 followed by BH2, NO2, and C≡N. 
The data also indicate that the stronger push-pull electronic effects on atomic 
charges of transition state systems are as follows. Firstly, the C(1) atom is less negatively 
charged. Secondly, the C(2) atom is less positively charged. Next, the N(3) atom is less 
negatively charged. Finally, the X(8) atom is less positively charged than those of the 
other three transition states. 
Again all levels of theory resulted in a partial negative charge on the C(8) atom in 




            
  
 
shows the negative charge. Firstly, the π-bond of the C=C double bond in TS 4 breaks,
causing the atomic charge on the C(1) atom to become more negative due to gaining two 
bonding electrons from the C(2) atom. Secondly, the negative charge on the C(1) atom 
can be stabilized by forming π-bond with an unhybridized 2p-orbital of the C(8) atom. 
Clearly, the C(8) atom in TS 4 carries more negatively charged due to gaining electrons 
from the C(1) atom.    
Electron Density 
This section examines the push-pull electronic effect on electron densities of 
molecules 1a b 4a,b - (X = BH2, C≡N, NO2, and CH ) and TS 1-TS 4. The electron, 2 
densities were calculated at the MP2/6-311++G(d,p) level of theory. The electron density 
is depicted as isodensity surface. The electron isodensity surface is illustrated by contour 
maps in three dimensions where each contour represents an electron isodensity surface 
value. The size and shape of the surface depend on the density value. The Figures 3.4-3.7 
show electron isodensity surfaces plotted by Molden. The green shading indicates the 
electron isodensity surface of 0.3 electrons per cubic Bohr radius. The value of the Bohr 
radius is equal to 52.9177 pm. The larger the volume, the greater the number of electrons 
located in an area. If resonance structures III and VI (Figure 3.1) are major contributors 
to the electronic structures of the trans and cis forms of 1-4, respectively, the electron
density plots should show low electron density between the C(1)=C(2) double bond and 
high electron density between the C(2)-N(3) (amino group) and C(1)-X(8) bonds.  
The electron densities between the C(1)=C(2) double bonds of the cis and trans






cis and trans molecules 4a,b (X = CH2). Obviously in Figure 3.7, cis and trans 
molecules 4a,b show the electron density distribution between the C(2)-N(3) (amino 
group) and C(1)-X(8) bond to be higher than those in cis and trans molecules 1a,b-3a,b. 
A plotting error resulted in the lack of color shading in the contour lines between the 
C≡N in 2a (cis form), and the NO2 in 3a (cis form) found in Figures 3.5 and 3.6, 
respectively. The true contour lines are plotted and the shape of the volume can be seen
even without the shading. 
Molecule 5a (cis-H2NCH=CHCH3) is the reference for the electron density of 
cation 4a (cis form). The C=C double bond length in 5a is not significantly longer than 
the C=C double bond of ethylene (see details in Tables 3.20 and 3.21). Figure 3.9 reveals
that there is high electron density between the C(1)=C(2) double bond in 5a. These 
results suggest that the C(1)=C(2) double bond in 5a has a true double bond character. 
Figure 3.9 also indicates that the electron density distribution between the C-N (amino 
group) and C(1)-C(8) bond is significantly less than those in 4a, respectively.  
The order of electron acceptor strength is hard to predict using the plotted electron 
density maps. The - CH2 group is the strongest electron acceptor. However, it is difficult 
to order of electron acceptor strength for the BH2, C≡N, and NO2-substituted derivatives 
by using the electron density maps. 
Electron isodensity surface plots shown in Figures 3.4-3.7 reveal that the 
C(1)=C(2) bonds in transition states TS 1-TS 4 lose electron density upon rotation 
around the C(1)=C(2) double bond when the π-bond of the double bond breaks (see 
details in Figure 3.10).  
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Table 3.1 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (Z)-H2NCH=CHBH2 (1a) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 






∠C -C -H1 72 
∠C2-C1-B8 
∠H -C -B1 87 
∠C1-C2-H6 
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Table 3.2 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (E)-H2NCH=CHBH2 (1b) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 
























Cs, minimum C1, minimum C1, minimum 
1.371 1.371 1.371 
1.350 1.360 1.360 
1.500 1.510 1.510 
117.0 117.5 117.5 
120.3 118.9 118.9 
122.7 123.6 123.7 
119.4 119.3 119.3 
126.8 126.5 126.5 
113.8 114.1 114.1 
121.6 119.2 119.2 
120.9 118.4 118.4 
117.5 115.9 116.0 
180.0 -177.6 -177.6 
180.0 -164.8 -164.9 
0.0 -14.2 -14.2 
0.0 0.3 0.2 
180.0 -179.5 -179.5 
4.575 4.049 4.046 
-159.4241440 -158.9348208 -158.9352815




















           





















Table 3.3 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition State of 2-Boranyl-vinyl Amine (TS 1) at 
Different Levels of Theory 
B3LYP/  MP2/ MP2/ 






























C1, transition state C1, transition state C1, transition state 
1.417 1.422 1.422 
1.310 1.300 1.300 
1.470 1.470 1.470 
117.1 117.6 117.6 
119.2 117.1 117.2 
123.6 125.2 125.2 
124.5 124.9 124.8 
123.8 122.9 122.9 
111.7 112.2 112.2 
122.7 122.5 122.5 
117.9 117.3 117.3 
119.3 120.0 120.1 
93.1 93.6 93.7 
-176.6 -176.0 -175.7 
0.6 0.0 -0.2 
-0.2 0.3 0.3 
-179.3 -178.6 -178.7 
6.792 7.229 7.218
-159.3665501 -158.8766307 -158.8770863
a The labeling scheme of atoms is given in Figure 3.2. 
99 
  














           




      
 
















_______________ ___ _ _____ __________________________________________ ______ 
_______________________________________________________________________ _ 
Table 3.4 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2Z)-H2NCH=CHC≡N (2a) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 




























8 1 2 3
Dipole Moments 
Total Energies 
C1, minimum C1, minimum C1, minimum 
1.362 1.358 1.358 
1.350 1.370 1.370 
1.410 1.420 1.420 
120.0 120.7 120.7 
121.2 119.9 119.9 
118.7 119.4 119.4 
119.0 119.4 119.4 
126.2 125.4 125.4 
114.9 115.1 115.1 
121.1 117.2 117.2 
120.7 117.1 117.1 
117.9 114.8 114.8 
0.8   -4.5   -4.5
 -175.6 158.5 158.5 
-3.1 16.0 16.0 
  3.3   -1.6   -1.7  
5.484 4.727 4.725 
-226.2207274 -225.6248228 -225.6251780



















           
























Table 3.5 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NCH=CHC≡N (2b) at Different Levels of Theory
B3LYP/  MP2/ MP2/ 

























































































a The labeling scheme of atoms is given in Figure 3.2. 
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Table 3.6 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 3-Aminoacrylonitrile (TS 2) at 
Different Levels of Theory 
B3LYP/  MP2/ MP2/ 


























8 1 2 3
Dipole Moments 
Total Energies 
C1, transition state C1, transition state C1, transition state 
1.440 1.445 1.445 
1.300 1.300 1.300 
1.410 1.420 1.420 
114.0 112.1 112.2 
113.2 109.9 110.0 
116.1 113.8 113.9 
126.9 127.4 127.3 
120.8 119.6 119.6 
112.4 113.0 113.0 
122.9 123.0 123.0 
116.6 115.6 115.6 
120.5 121.3 121.3 
-110.3 -113.9 -113.9 
178.8 178.4 178.3 
0.2 0.3 0.3 
67.2 74.1 74.0 
9.146 9.244 9.239 
-226.1382369 -225.5382702 -225.5386265
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Table 3.7 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (Z)-H2NCH=CHNO2 (3a) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 





























8 1 2 3
Dipole Moments 
Total Energies 
Cs, minimum C1, minimum C1, minimum 
1.367 1.360 1.360 
1.342 1.350 1.350 
1.413 1.427 1.427 
122.5 122.7 122.7 
123.2 123.2 123.2 
114.3 114.1 114.1 
116.4 116.1 116.2 
128.0 128.4 128.4 
115.7 115.4 115.4 
120.9 118.6 118.6 
118.0 117.6 117.6 
121.1 119.2 119.2 
0.0   -4.2   -4.5
 180.0 167.1 167.3 
0.0 11.3 11.5 
0.0 1.2 1.7 
180.0 -178.9 -178.4 
6.437 5.561 5.555 
-338.4916603 -337.6948125 -337.6952762
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Table 3.8 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (E)-H2NCH=CHNO2 (3b) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 
6-31++G(d,p) 6-311+G(d,p) 6-311++G(d,p) 
Cs, minimum C1, minimum C1, minimum 
Distances 
C1-C2  1.355 1.348 1.348 
C2-N3  1.353 1.370 1.370 
C1-N8  1.427 1.440 1.440 
Angles 
C2-C1-H7  126.5 126.6 126.6 
C2-C1-N8  119.7 119.8 119.7 
H7-C1-N8  113.8 113.6 113.7 
C1-C2-H6  118.1 118.7 118.8 
C1-C2-N3  125.8 125.2 125.1 
H6-C2-N3  116.1 116.1 116.0 
C2-N3-H4  120.7 116.9 116.9 
C2-N3-H5  121.8 118.0 118.1 
∠H4-N3-H5  117.5 114.5 114.5 
Dihedral Angles 
N8-C1-C2-N3  180.0 176.3 176.4 
C1-C2-N3-H4  180.0 159.9 160.1 
C1-C2-N3-H5  0.0 17.1 17.1 
C2-C1-N8-O9   0.0   -1.1   -1.2  
C2-C1-N8-O10  180.0 178.7 178.7 
Dipole Moments 7.568 6.242 6.239 
Total Energies -338.4846622 -337.6884502 -337.6888808

























           






















Table 3.9 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 2-Nitroethylenamine (TS 3) at 
Different Levels of Theory 
B3LYP/  MP2/ MP2/ 



























8 1 2 3
Dipole Moments 
Total Energies 
C1, transition state C1, transition state C1, transition state 
1.453 1.455 1.455 
1.310 1.300 1.300 
1.350 1.380 1.380 
125.2 121.6 121.5 
106.9 105.3 105.3 
120.2 116.5 116.5 
122.9 124.7 124.7 
122.4 120.4 120.4 
114.1 114.7 114.7 
121.3 121.9 121.9 
118.4 117.1 117.1 
118.1 119.7 119.8 
-91.6 -98.4 -98.4 
171.8 172.5 172.4 
9.1 5.4 5.5 
2.8 9.6 9.6 
-175.8 -170.3 -170.3 
8.198 8.773 8.766 
-338.4218810 -337.6185769 -337.6189710
a The labeling scheme of atoms is given in Figure 3.2. 
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Table 3.10 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2Z)-H2NCH=CHCH2 (4a) at Different Levels of Theory
B3LYP/  MP2/ MP2/ 





























8 1 2 3
Dipole Moments 
Total Energies 
C1, minimum C1, minimum C1, minimum 
1.441 1.446 1.446 
1.300 1.290 1.290 
1.350 1.350 1.350 
114.9 116.2 116.2 
125.0 122.5 122.5 
120.1 121.1 121.1 
117.9 119.8 119.8 
126.8 124.2 124.1 
115.3 116.1 116.1 
121.0 121.1 121.1 
122.8 121.6 121.5 
116.3 117.3 117.4 
-12.1 29.8 29.8 
179.0 -177.1 -177.1 
-1.6 3.3 3.1 
-0.6 0.5 0.6 
-179.1 177.4 177.7 
2.245 2.690 2.688 
-172.4142182 -171.9168568 -171.9172371
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Table 3.11 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NCH=CHCH2 (4b) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 





























8 1 2 3
Dipole Moments 
Total Energies 
Cs, minimum Cs, minimum Cs, minimum 
1.429 1.433 1.433 
1.304 1.300 1.300 
1.352 1.353 1.353 
119.1 119.4 119.4 
119.7 118.8 118.8 
121.3 121.8 121.8 
119.6 119.7 119.7 
124.1 123.7 123.7 
116.3 116.5 116.5 
121.5 121.3 121.3 
121.9 121.5 121.5 
116.3 117.2 117.2 
180.0 180.0 180.0 
180.0 180.0 180.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
180.0 180.0 180.0 
2.128 2.556 2.556 
-172.422245 -171.9240857 -171.9244750



















           



















Table 3.12 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 3-Aminoprop-2-en-1-ylium Cation (TS 
4) at Different Levels of Theory 
B3LYP/  MP2/ MP2/ 
6-31++G(d,p) 6-311+G(d,p) 6-311++G(d,p) 
C1, transition state C1, transition state C1, transition state 
Distances 
C1-C2  1.470 1.472 1.472 
C2-N3  1.280 1.280 1.280 
C1-C8  1.330 1.340 1.340 
Angles 
C2-C1-H7  114.6 115.9 115.9 
C2-C1-C8  123.4 121.6 121.5 
H7-C1-C8  122.0 122.5 122.5 
C1-C2-H6  121.1 121.9 121.9 
C1-C2-N3  122.6 121.7 121.7 
H6-C2-N3  116.2 116.4 116.4 
C2-N3-H4  121.9 121.6 121.6 
∠C2-N3-H5  121.0 120.6 120.5 
∠H4-N3-H5  117.1 117.8 117.8 
Dihedral Angles 
C8-C1-C2-N3  -95.9 -96.7 -96.7 
C1-C2-N3-H4  -178.3 -179.0 -179.1 
C1-C2-N3-H5  1.7 1.4 1.3 
C2-C1-C8-H9  0.7 0.4 0.4 
C2-C1-C8-H10  -179.4 -179.9 -179.8 
Dipole Moments 3.495 3.767 3.296 
Total Energies -172.4013783 -171.9070096 -171.9074090











        
 
        







        
        







Table 3.13 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the Series NH2CH=CHX Calculated at the B3LYP/6-31++G(d,p) 
Level 
109 
NH CH=CHX 2 X = BH2 X = CN X = NO2 X = CH 2 
Cis 
Total Energy - 209389159.4 -226.2207274 -338.4916603 -172.4142182
Trans 
Total E nergy -159.4241440 -226.2179270 8.4846622-33 -172.4222450 
Transition State 
Total Energy -159.3665501 -226.1382366 -338.421881 -172.4013783 
∆E (cis-Trans)a 2.0 -1.8 -4.4 5.0 
∆E‡ (barrier)b 36.1 50.0 39.4 13.1 
∆G (cis-trans) 1.8 -2.3 -3.5 4.3 
∆G‡ (barrier) 35.1 48.9 39.2 12.5 
a Ecis−Etrans a positive number means that the trans form is more stable. b Etransition 
state−Etrans
Table 3.14 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the Series NH2CH=CHX Calculated at the MP2/6-311+G(d,p) Level 
CH=CHXNH2 X = BH2 X = CN X = NO2 X = CH2 
Cis 
Total Energy 58.9313935-1 25.6248228-2 37.6948125-3 71.9168568-1 
Trans 
Total Energy -158.9348208 25.6214409-2 37.6884502-3 71.9240857-1 
Transition State 
Total Energy -158.8766307 5382702-225. 6185769-337. .9070096-171 
∆E (cis-trans)a 2.2 -2.1 -4.0 4.5 
∆E‡ (barrier)b 36.5 52.2 43.8 10.7
∆G (cis-trans) 2.3 -2.1 -3.4 4.5 
∆G‡ (barrier) 35.5 51.1 43.7 10.5 





        
        



























Table 3.15 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the Series NH2CH=CHX Calculated at the MP2/6-311++G(d,p) Level
110 
NH2CH=CHX X = BH2 X = CN X = NO2 X = CH2 
Cis 
Total Energy -158.9318661 -225.6251780 -337.6952762 -171.9172371 
Trans 
Total Energy -158.9352815 -225.6218201 -337.6888808 -171.9244750 
Transition State 
Total Energy -158.8770863 -225.5386265 -337.6189710 -171.9074090 
∆E (cis-trans)a 2.1 -2.1 -4.0 4.5 
∆E‡ (barrier)b 36.5 52.2 43.9 10.7 
∆G (cis-trans) 2.2 -2.1 -3.4 4.6 
∆G‡ (barrier) 35.5 51.1 43.8 10.6 
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Table 3.16     Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (Z)-H2NCH=CH 
BH2 (1a), (E)-H2NCH=CH BH2 (1b), and Transition State of 2-Boranyl-
vinyl Amine (TS 1) at Different Levels of Theoryb 
Method System MK 
C1  C2  N3 B8 
B3LYP/6-31++G(d,p) 1a -0.66 0.35 -0.84 0.53 
MP2/6-311+G(d,p) 1a -0.57 0.18 -0.71 0.51
MP2/6-311++G(d,p) 1a -0.57 0.17 -0.70 0.51
B3LYP/6-31++G(d,p) 1b -0.59 0.30 -0.88 0.38 
MP2/6-311+G(d,p) 1b -0.59 0.20 -0.76 0.42
MP2/6-311++G(d,p) 1b -0.59 0.20 -0.76 0.42
B3LYP/6-31++G(d,p) TS 1 -0.87 0.55 -0.60 0.22 
MP2/6-311+G(d,p) TS 1 -0.90 0.54 -0.58 0.19
MP2/6-311++G(d,p) TS 1 -0.91 0.55 -0.58 0.19
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Table 3.17 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (2Z)-
H2NCH=CHC≡N (2a), (2E)-H2NCH=CHC≡N (2b), and Transition States 
of 3-Aminoacrylonitrile (TS 2 f els of Theoryb) at Di ferent Lev 
Method System MK 
C1  C2  N3  C8  N9 
B3LYP/6-31++G(d,p) 2a -0.80 0.40 -0.91 0.67 -0.59 
MP2/6-311+G(d,p) 2a -0.68 0.21 -0.74 0.61 -0.54
MP2/6-311++G(d,p) 2a -0.68 0.21 -0.73 0.61 -0.54
B3LYP/6-31++G(d,p) 2b -0.58 0.26 -0.81 0.47 -0.53 
MP2/6-311+G(d,p) 2b -0.60 0.19 -0.74 0.50 -0.51
MP2/6-311++G(d,p) 2b -0.60 0.19 -0.74 0.50 -0.51
B3LYP/6-31++G(d,p) TS 2 -1.19 0.64 -0.50 0.71 -0.67 
MP2/6-311+G(d,p) TS 2 -1.22 0.60 -0.42 0.70 -0.65 
MP2/6-311++G(d,p) TS 2 -1.22 0.60 -0.42 0.70 -0.65






       
 
           
        
          
            
            
    
            









    
     














Table 3.18 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (Z)-
H2NCH=CHNO2 (3a), (E)-H2NCH=CHNO2 (3b), and Transition States of 
2-Nitroethylenamine (TS 3) at Different Levels of Theoryb 
Method System MK 
C1  C2  N3  N8  O9  O10 
B3LYP/6-31++G(d,p) 3a -0.62 0.38 -0.89 0.97 -0.57 -0.50 
MP2/6-311+G(d,p) 3a -0.54 0.17 -0.69 0.96 -0.53 -0.48
MP2/6-311++G(d,p) 3a -0.52 0.15 -0.68 0.95 -0.53 -0.48
B3LYP/6-31++G(d,p) 3b -0.48 0.35 -0.95 0.77 -0.49 -0.46 
MP2/6-311+G(d,p) 3b -0.45 0.14 -0.73 0.81 -0.47 -0.45
MP2/6-311++G(d,p) 3b -0.45 0.14 -0.73 0.81 -0.47 -0.45
B3LYP/6-31++G(d,p) TS 3 -0.82 0.72 -0.82 0.83 -0.58 -0.48
MP2/6-311+G(d,p) TS 3 -0.98 0.72 -0.70 0.90 -0.60 -0.49 
MP2/6-311++G(d,p) TS 3 -0.98 0.72 -0.70 0.90 -0.60 -0.49
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Table 3.19 The Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (2Z)-
H2NCH=CHCH2  (4a), (2E)-H2NCH=CHCH2  (4b), and Transition 
States of 3-Aminoprop-2-en-1-ylium Cation (TS 4) at Different Levels of 
Theoryb 
Method System MK 
C1  C2  N3 C8 
B3LYP/6-31++G(d,p) 4a -0.26 0.39 -0.60 -0.05 
MP2/6-311+G(d,p) 4a -0.23 0.36 -0.54 -0.16
MP2/6-311++G(d,p) 4a -0.23 0.36 -0.54 -0.16
B3LYP/6-31++G(d,p) 4b -0.22 0.33 -0.61 -0.11 
MP2/6-311+G(d,p) 4b -0.23 0.34 -0.59 -0.15
MP2/6-311++G(d,p) 4b -0.23 0.34 -0.59 -0.15
B3LYP/6-31++G(d,p) TS 4 -0.30 0.44 -0.55 -0.23
MP2/6-311+G(d,p) TS 4 -0.30 0.41 -0.52 -0.26 
MP2/6-311++G(d,p) TS 4 -0.30 0.41 -0.52 -0.26





                        

















             
         
       

















Table 3.20 The Optimized Geometrical Parametera (Bond Lengths in Å) and Dipole 




C1, minimum C1, minimum 
istancesD 
1-C2C 1.345 1.348 
2-N3C 1.398 1.401 
1-C8C 1.506 1.506 
ipole Moments D 1.324 1.282 
a The labeling scheme of atoms is given in Figure 3.8. 
Table 3.21 Bond Lengtha (in Å) for Ethylene at Different Levels of Theory 




a The labeling scheme of atoms is given in Figure 3.8. 
115 
  
    
  
 
   
 
 
    
 








      
     
 
 
    
 





Table 3.22 Bond Lengthsa (in Å) for H2C=CHBH2 (6), H2C=CHC≡N (7),
H2C=CHNO2 ( ), H8 2C=CHCH2  (9), and H2NCH=CH2 (10) at Different 
Levels of Theory
Method Compound      Bond Lengths 
C1-C2 C1-X3 
B3LYP/6-31++G(d,p) 6 1.350 1.540 
MP2/6-311++G(d,p) 6 1.355 1.540 
B3LYP/6-31++G(d,p) 7 1.340 1.430 
MP2/6-311++G(d,p) 7 1.344 1.430
B3LYP/6-31++G(d,p) 8 1.329 1.460 
MP2/6-311++G(d,p) 8 1.332 1.460
B3LYP/6-31++G(d,p) 9 1.385 1.385 
MP2/6-311++G(d,p) 9 1.386 1.386
B3LYP/6-31++G(d,p) 10 1.343 1.390 
MP2/6-311++G(d,p) 10 1.345 1.390










AB INITIO STUDY OF THE ROTATION AROUND THE  
CARBON-CARBON DOUBLE BOND OF H2NC≡CCH=CHX;  
X = BH2, C≡N, NO2, AND CH2 
Results, Discussion, and Conclusions 
In this chapter electronic push-pull effects in the H2NC≡CCH=CHX system are 
discussed. This system has the central C=C double bond conjugated to a carbon-carbon 
triple bond. The electron donor in this system is an amino group which is separated from
the double bond by a carbon-carbon triple bond. The electron acceptors are BH2, C≡N, 
NO2, and CH2. 
Figure 4.1 shows possible resonance forms for this series. The larger the push-pull 
effect, the larger the contribution from resonance forms IX in the trans form or XII in the 
cis form. A significant contribution from resonance forms IX or XII can manifest itself in 
three ways. The C=C double bond and the C≡C triple bonds are expected to lengthen 
while the C-N (amino) bond and the C-X bonds are expected to shorten. In addition the 
rotational barriers of the carbon-carbon double bond are expected to decrease. Push-pull 
effects could also manifest themselves with an increase in negative atomic charge at the 
X-groups and an increase in positive atomic charge at the amino group. 
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Resonance structures VII-IX and X-XII show the consequence of 
push-pull effects for the trans and cis forms, respectively 
Structures and labeling schemes for (3Z)-4-boranyl-but-3-en-1-ynyl amine (11a), 
(3E)-4-boranyl-but-3-en-1-ynyl amine (11b), (2Z)-5-aminopent-2-en-4-ynenitrile (12a), 
(2E)-5-aminopent-2-en-4-ynenitrile (12b), (3Z)-4-nitrobut-3-en-1-ynyl amine (13a), 
(3E)-4-nitrobut-3-en-1-ynyl amine (13b), the (2Z)-5-aminopent-2-en-4-yn-1-ylium cation 
(14a), and the (2E)-5-aminopent-2-en-4-yn-1-ylium cation (14b) are given in Figure 4.2. 
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Structures and labeling schemes for molecules 11a,b-14a,b (The labeling system
for transition states (TS 11-TS 14) is consistent) 
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The structure and labeling scheme of the X-C(1)-C(2)-C(3) dihedral angle (ω) in 
transition states TS 11-TS 14 is shown in Figure 4.3. 
Figure 4.3 
Structure and labeling scheme of the X-C(1)-C(2)-C(3) dihedral angle (ω)
in transition states TS 11-TS 14
Optimized geometrical parameters, molecular point groups, dipole moments, and 
total energies for 11a,b-14a,b and TS 11-TS 14 calculated at the B3LYP/6-31++G(d,p) 
and MP2/6-311+G(d,p) levels of theory are summarized in Tables 4.1-4.12. The relative 
Gibbs energy (ΔGcis/trans) between cis and trans forms and the relative Gibbs energy 
(ΔG‡ROT) of rotational barriers calculated at B3LYP/6-31++G(d,p) and MP2/6-
311+G(d,p) levels of theory are given in Tables 4.13-4.14. Atomic charges calculated by 
the Merz-Singh-Kollman scheme at B3LYP/6-31++G(d,p) and MP2/6-311+G(d,p) levels 
of theory are listed in Tables 4.15-4.18. The electron isodensity surfaces of molecules 
11a,b-14a,b and TS 11-TS 14 were plotted using Molden. Electron isodensity surface 
plots at the MP2/6-311+G(d,p) level of theory are shown in Figures 4.4-4.7. 
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Electron isodensity surfaces of H2BCH=CHC≡CNH2, 11a,b and Transition State 11 
(TS 11) at the MP2/6-311+G(d,p) level of theory
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Electron isodensity surfaces of N≡CCH=CHC≡CNH2, 12a,b and Transition State 12 
(TS 12) at the MP2/6-311+G(d,p) level of theory 
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     TS  13  
Figure 4.6 
Electron isodensity surfaces of O2NCH=CHC≡CNH2, 13a,b and Transition State 13 
(TS 13) at the MP2/6-311+G(d,p) level of theory 
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      TS  14  
Figure 4.7 
Electron isodensity surfaces of H2 CCH=CHC≡CNH2 14a,b and Transition State 14 
(TS 14) at the MP2/6-311+G(d,p) level of theory 
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The structures, rotational barriers, and charge distributions of push-pull systems 
11-14 were compared to model reference compounds. Structures and labeling schemes 
for acetylene, the (4Z)-5-aminopent-4-en-2-yn-1-ylium cation (15a), the (4E)-5-
aminopent-4-en-2-yn-1-ylium cation (15b), (3Z)-pent-3-en-1-ynyl amine (16a), (1Z)-1-
boranyl-but-1-en-3-yne (17a), (1E)-1-boranyl-but-1-en-3-yne (17b), (2Z)-pent-2-en-4-
ynenitrile (18a), (2E)-pent-2-en-4-ynenitrile (18b), (1Z)-1-nitrobut-1-en-3-yne (19a), 
(1E)-1-nitrobut-1-en-3-yne (19b), (2Z)-pent-2-en-4-yn-1-ylium (20a), (2E)-pent-2-en-4-
yn-1-ylium (20b), but-3-en-1-yn-1-amine (21), and buta-1,2,3-triene (22) are given in 
Figure 4.8. These molecules were used as references for bond lengths, energies, and/or 
electron density comparisons in this chapter. 
Molecule 15 reverses the order of attachment of the amino donor and the CH2 
acceptor versus cation 14. Acetylene provides reference C≡C bond length. The - CH2 
group in 14a has been replaced by the -CH3 group in 16a. The purpose of 16a is 
reference electron density of molecule 14a. The amino group (electron donor) has been 
replaced by a hydrogen in 17-20. Thus, the “push” of electron density has been 
eliminated and only the “pull” remains for comparison with 11-14. Molecule 21 provides 
an amino donor without an electron acceptor at the other end. This is a model with 
electron “push” but no “pull”. Finally, cumulene 22 is a nonpolar model for evaluating 
hybrid structures IX and XII. 
Optimized geometrical parameters, molecular point groups, dipole moments, 
and/or total energies for ethylene, acetylene, 15a,b, TS 15, 16a, 17a,b-20a,b, and 21-22
calculated at the B3LYP/6-31++G(d,p) and MP2/6-311+G(d,p) levels of theory are 
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summarized in Tables 4.19-4.28. The electron isodensity surfaces of 15a,b, TS 15 and 
16a were plotted using Molden. Electron isodensity surface plots at the MP2/6-
311+G(d,p) level of theory are shown in Figures 4.9-4.10. The relative Gibbs energy 
(ΔGcis/trans) between 15a (cis form) and 15b (trans form) and the relative Gibbs energy 
(ΔG‡ROT) of rotational barriers calculated at the B3LYP/6-31++G(d,p) and MP2/6-
311+G(d,p) levels of theory are summarized in Table 4.28.  
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Structures and labeling scheme for acetylene, 15a,b, 16a, 17a,b-20a,b and 21-22
(The labeling system for transition state (TS 15) is consistent) 
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Figure 4.8 (continued) 
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      TS  15  
Figure 4.9 
Electron isodensity surfaces of H2 CC≡CCH=CHNH2, 15a,b and Transition State 15 
(TS 15) at the MP2/6-311+G(d,p) level of theory 
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Electron isodensity surface of H3CCH=CHC≡CNH2, 16a 
at the MP2/6-311+G(d,p) level of theory 
Planarity of NH2 Groups 
The planarity of the -NH2 (amino) group can be measured by the summation of 
the three bond angles around the -NH2 group (i.e. C(4)-N(5)-H(6), C(4)-N(5)-H(7), and 
H(6)-N(5)-H(7)). The fully planar -NH2 has a sum of 360°. However, the pyramidal 
ammonia molecule has a sum of 321.9° in its equilibrium geometry. The geometry of the 
-NH2 group can thus be described by a percentage of pyramidalization where it is 
assumed that NH3 has 100% pyramidalization. The percent pyramidalization is calculated 
using Eq. 3.1 from chapter III. The percent pyramidalization scale ranges from 0% for 
the planar sp2 hybridized NH2 (amino) group to 100% for the sp3 hybridized NH3 
(ammonia). 
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In general the -NH2 group is expected to have a pyramidal geometry similar to 
ammonia. However, the push-pull system in this chapter still has the electron donor (NH2 
group), which is separated from the double bond by a carbon-carbon triple bond. A  sp2 
hybridized NH2 allows the lone pair electrons to delocalize (by resonance) into the π-
electron system to a far greater extent than is possible in a pyramidal sp3 hybridized NH2. 
Therefore, the -NH2 groups in the push-pull ethylenes are predicted to be more planar 
than ammonia and most amines. 
At the B3LYP/6-31++G(d,p) level of theory, the -NH2 groups in 
cis molecule 13a (X = NO2), cis and trans molecules 14a,b (X = CH2), TS 11, and TS 
14 are planar. However, the percentage of pyramidalization of the -NH2 groups in cis and 
trans forms of molecules 11a,b-12a,b (X = BH2, CN), trans molecule 13b (X = NO2), 
TS 12, and TS 13 are 13, 11, 14, 17, 4, 29, and 1%, respectively. 
The results suggest that at the DFT level the -NH2 groups in molecules 14a,b, TS 
11, and TS 14 are all planar. In 13b and TS 13 the -NH2 groups are almost planar. The -
NH2 groups in 11a,b-12a,b and TS 12 are significantly pyramidal. 
At the MP2/6-311+G(d,p) level of theory, only the -NH2 groups in 
14a,b (X = CH2), TS 12, and TS 14 are planar. In 11a,b-13a,b, TS 11, and TS 13 the 
percentage of pyramidalization of the -NH2 functions are 48, 46, 48, 49, 42, 47, 2, and 
44%, respectively. 
Results proved that at the MP2 level most -NH2 groups in 14a,b, TS 12, and     
TS 14 are planar. In TS 11 the NH2 is almost planar. The -NH2 groups in 11a,b-13a,b
and TS 13 are significantly pyramidal. 
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Geometries of Molecules 
Data clearly indicate that all molecules with planar NH2 (amino) groups have 
C(3)-C(4)-N(5)-H(6) and C(3)-C(4)-N(5)-H(7) dihedral angles of 180° and 0°, 
respectively, while the X(10)-C(1)-C(2)-C(3) dihedral angles of the cis forms are 0°
versus 180° for the trans forms. On the other hand, none of the molecules with pyramidal 
NH2 (amino) groups have C(3)-C(4)-N(5)-H(6) and C(3)-C(4)-N(5)-H(7) dihedral angles 
that are not equal to 0° or 180°, respectively. Push-pull effects are expected to be stronger 
in molecules with a planar NH2 since these allow better overlap of the p orbitals. 
Bond Lengths 
Five types of bond lengths in the NH2C≡CCH=CHX system are discussed and 
compared with reference molecules: (1) C(1)=C(2) double bond, (2) C(2)-C(3) bond, (3) 
C(3)≡C(4) triple bond, (4) C(4)-N(5) bond, and (5) C(1)-X(10) bond. Differential bond 
lengths are calculated using Eq. 3-2 from chapter III. 
Three references molecules for the C(1)=C(2) bond length were employed: (1) the 
length of the C=C double bond of ethylene (see chapter III) was used as a reference to 
study combined electronic push-pull effects on the C(1)=C(2) double bond length in each 
system; (2) molecules 17a,b-20a,b were used as references to study the electron donating  
effects on the C=C double bond length caused by the -NH2 group. Finally, (3) molecule 
21 was used as the reference molecule to study the electronic attracting (pulling) effect on 
the C(1)=C(2) double bond caused by electron acceptors (X) [i.e. BH2, CN, NO2, and 
CH2]. Four references for the C(3)≡C(4) triple bond length were used: (1) the C≡C 
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triple bond length of acetylene was used as the reference to study overall electronic push-
pull effects on the C(3)≡C(4) triple bond length in each system; (2) molecule 22 was used 
as the reference sp-sp hybridized =C=C= double bond to study the extent of 
rehybridization caused by the electronic push-pull effects of the C(3)≡C(4) triple bond in 
the molecular systems; (3) molecules 17a,b-20a,b were used as references to study 
electronic pushing effects on the length of the C(3)≡C(4) triple bond caused by the NH2 
group; (4) molecule 21 was used as the reference to study the electronic pulling effect on 
the C(3)≡C(4) triple bond caused by electron acceptors (X) [i.e. BH2, CN, NO2, and 
CH2]. Molecules 17a,b-20a,b were also used as references to evaluate the C(1)-X(10) 
bond lengths and molecule 21 for the C(4)-N(5) (amino) bond length. 
C(1)=C(2) Double Bond 
At the B3LYP/6-31++G(d,p) level of theory, C(1)=C(2) double bonds in 
molecules 11a,b-14a,b (NH2C≡CCH=CHX where X = BH2, C≡N, NO2, AND CH2) are 
0.039 Å, 0.037 Å, 0.027 Å, 0.025 Å, 0.023 Å, 0.018 Å, 0.104 Å, and 0.096 Å longer than 
the calculated C=C double bond of ethylene, respectively. This indicates that resonance 
hybrids IX and XII contribute to the structure of these molecules. 
When only the electronic pull of BH2, C≡N, NO2, and CH2 are considered, C=C 
double bond lengths of the cis forms of molecules 11-14 are 0.026 Å, 0.014 Å, 0.010 Å, 
and 0.091 Å longer than that of reference molecule 21, respectively. The C=C double 
bond lengths of the trans forms of 11-14 are 0.024 Å, 0.012 Å, 0.005 Å, and 0.083 Å 
longer than that of 21, respectively. 
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When only the electron push of NH2 is considered, C=C double bonds of the cis
forms of 11-14 are 0.010 Å, 0.007 Å, 0.011 Å, and 0.023 Å longer than those in cis 
reference molecules 17a-20a, respectively. Similarly, the C=C double bonds of the trans
forms of 11-14 are 0.009 Å, 0.006 Å, 0.010 Å, and 0.020 Å longer than their references 
without NH2 groups, 17b-20b (trans forms), respectively.  
The electronic pulling effects seem to be stronger for systems 11-12 and 14 
because the change in the bond length are greater (versus reference 21 with only the 
electron pushing amino group present), while the electron pushing effects are more 
important in system 13. 
At the MP2 level, molecules 11a,b-14a,b have C=C double bonds 0.033 Å, 0.032 
Å, 0.021 Å, 0.019 Å, 0.012 Å, 0.007 Å, 0.100 Å, and 0.092 Å longer than the calculated 
C=C double bond of ethylene, respectively. The push-pull electronic effect in trans-
NH2C≡CCH=CHNO2, 13b, is surprisingly small considering that NO2 is a strong electron 
withdrawing group by both inductive and resonance effects. 
When only the electron withdrawal (pull) of BH2, C≡N, NO2, and CH2 in 11a-
14a (cis forms) are considered, C=C double bonds are 0.023 Å, 0.011 Å, 0.002 Å, and 
0.090 Å longer than that of reference molecule 21, respectively. Furthermore, in trans
molecules 11b-12b and 14b, the C=C double bonds are 0.022 Å, 0.009 Å, and 0.082 Å 
longer, respectively, than that in 21. However, in molecule 13b (X = NO2) the C=C 
double bond 0.003 Å shorter than that in reference 21. This time the unexpected effect of 
the NO2 is quite pronounced. 
134 










When only the electronic push of NH2 is considered, the C=C double bonds of the 
cis forms of 11-14 are 0.006 Å, 0.004 Å, 0.004 Å, and 0.027 Å longer than references 
17a-20a (without NH2 groups), respectively. Also the C=C double bonds of the trans 
forms of 11-14 are 0.006 Å, 0.003 Å, 0.003 Å, and 0.024 Å longer than those in 
references 17b-20b, respectively. In molecules 11a,b-13a,b, the C=C bonds are not 
significantly different from the C=C bonds in references 17a,b-19a,b, respectively. 
The MP2 results indicate that pulling effects are stronger for systems 11-12 and
14, while the pushing effects are more important in system 13. This is the same outcome
predicted by the DFT calculations. 
In summary, results from both levels of theory agree that all C=C double bond 
lengths in molecules 11a,b-12a,b, 13a, and 14a,b are significantly longer than the typical 
C=C double bond of ethylene and also significantly longer than the typical C=C double 
bond in 21 and 17a,b-20a,b, respectively. Molecule 13b (X = NO2) is the only exception 
since the C=C double bond in 13b calculated at the MP2/6-311+G(d,p) level of theory is 
not significantly longer than the calculated C=C double bond of ethylene. Surprisingly, 
the C=C double bond length in 13b is actually 0.003 Å shorter than that in reference 21. 
The lack of a push-pull effect in molecule 13b (trans form) is unexpected since the NO2 
is considered a strong electron withdrawing group by both inductive and resonance 
effects. In all cases, the bond length of the cis form is longer than that in the trans form of 
the same molecule. The push-pull effect makes resonance structures IX and XII major
contributors to the electronic structures of trans and cis forms of 11-14, respectively. 
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Electron acceptor strength is consistent across both levels of theory when ranked 
by its contribution to the push-pull effects which lengthen the C=C double bonds. For 
both cis and trans forms, CH2 is the strongest electron acceptor followed by BH2, C≡N, 
and NO2. 
C(2)-C(3) Bond 
At the B3LYP/6-31++G(d,p) level of theory, when only the electron pull of BH2, 
C≡N, NO2, and CH2 in 11a-14a (cis forms) are considered, the C(2)-C(3) bonds are 
0.019 Å, 0.019 Å, 0.029 Å, and 0.069 Å shorter than that in reference molecule 21, 
respectively. Similarly, in trans forms of molecules 11-14 the C(2)-C(3) bonds are 0.019 
Å, 0.019 Å, 0.029 Å, and 0.079 Å shorter, respectively, than that in 21. 
When only the electronic push of NH2 in 11a-14a (cis forms) is considered, the 
C(2)-C(3) bonds are 0.020 Å, 0.010 Å, 0.020 Å, and 0.030 Å shorter than that those in 
reference molecules 17a-20a, respectively. Also in 11b-14b (trans forms) the C(2)-C(3) 
bonds are 0.020 Å, 0.017 Å, 0.025 Å, and 0.041 Å shorter than those in 17b-20b,
respectively. 
This indicates that electronic pulling effects are stronger for systems 12-14. The 
electron pushing effects of amino group are more important in system 11. 
At the MP2 level, when only the electron withdrawal (pull) of BH2, C≡N, NO2, 
and CH2 in 11a-14a (cis forms) are considered, the C(2)-C(3) bonds are 0.015 Å, 0.015 
Å, 0.025 Å, and 0.075 Å shorter than that of reference molecule 21, respectively. 
Likewise, the C(2)-C(3) bonds of trans forms of molecules 11-14 are 0.015 Å, 0.015 Å, 
0.015 Å, and 0.075 Å shorter, respectively, than that 21 . 
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When only the electron push of NH2 in 11a-14a (cis forms) is considered, C(2)-
C(3) bonds are 0.010 Å, 0.010 Å, 0.020 Å, and 0.030 Å shorter than those in 17a-20a, 
respectively. Similarly, the C(2)-C(3) bonds of trans forms of molecules 11-14 are 0.016 
Å, 0.013 Å, 0.012 Å, and 0.037 Å shorter than those in 17b-20b, respectively.  
The MP2 results indicate that the electronic pulling effects are more important in 
molecules 11a and 12a,b-14a,b, while the electronic pushing effect is stronger in 11b.
Results from both levels of theory consistently reveal that C(2)-C(3) bond lengths 
in molecules 11a,b-14a,b are significantly shorter than the C(2)-C(3) bond length in 
molecule 21 and also significantly shorter than C(2)-C(3) bond lengths in molecules 
17a,b-20a,b. The push-pull electronic effect makes resonance structures IX and XII
major contributors to the electronic structures of trans and cis forms of 11-14, 
respectively. 
C(3)≡C(4) Triple Bond 
At the B3LYP/6-31++G(d,p) level of theory, the distances of the C(3)≡C(4) triple 
bond in cis and trans forms of molecules 11-14 are equal . The C(3)≡C(4) triple bonds in 
molecules 11a,b-13a,b are 0.012 Å longer than the calculated C≡C triple bond of 
acetylene. Also in molecules 14a,b the C(3)≡C(4) triple bonds are 0.032 Å longer than 
that of acetylene. 
At the MP2 level, the cis and trans forms gave the same C≡C triple bond lengths. 
The C(3)≡C(4) triple bonds in molecules 11a,b-13a,b are 0.004 Å longer than the 
calculated C≡C triple bond of acetylene. Likewise, in molecules 14a,b the C≡C triple
bonds are 0.024 Å longer than the C≡C triple bond of acetylene. 
137 










At the B3LYP/6-31++G(d,p) level of theory, molecules 11a,b-13a,b have C≡C
triple bonds 0.100 Å shorter than the =C(2)=C(3)= bond of cumulene 22. Similarly, in 
molecules 14a,b the C≡C triple bonds are 0.080 Å shorter than that of 22. 
At the MP2 level, molecules 11a,b-13a,b have C≡C triple bonds 0.106 Å shorter 
than the =C(2)=C(3)= bond of cumulene 22. Also the C≡C triple bonds of molecules 
14a,b are 0.086 Å shorter than that of 22. 
Results from both levels indicate that the C≡C triple bonds of the 
NH2C≡CCH=CHX system are not pure sp-hybridizations and they are unlike either 
acetylene or cumulene 22. They are longer than the calculated C≡C triple bond in 
acetylene but shorter than the =C(2)=C(3)= bond in cumulene 22. However, results from
the MP2 level show that the C≡C triple bond of cis and trans forms of 11-13 is not 
significantly different from the C≡C triple bond in acetylene.
At the B3LYP/6-31++G(d,p) level of theory, when only the electron withdrawal 
(pull) of BH2, C≡N, NO2, and CH2 in 11a-14a (cis forms) are considered, C≡C triple 
bonds are 0.002 Å, 0.002 Å, 0.002 Å, and 0.022 Å longer than that reference molecule 
21, respectively. Similarly, C≡C triple bonds in 11b-14b (trans forms) are 0.002 Å, 0.002 
Å, 0.002 Å, and 0.022 Å longer than that in reference 21, respectively. When only the 
electronic push of NH2 in 11a-14a (cis forms) is considered, C≡C triple bonds are 0.010 
Å, 0.010 Å, 0.010 Å, and 0.020 Å longer than those of reference structures 17a-20a, 
respectively. Also C≡C triple bonds in 11b-14b (trans forms) are 0.006 Å, 0.007 Å, 
0.007 Å, and 0.018 Å longer than those in 17b-20b, respectively. 
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The data indicates that the electron pulling effect is stronger for system 14, while 
the electronic pushing effects of the amino group are more important for the systems 11-
13. 
At the MP2/6-311+G(d,p) level of theory, when only the electron withdrawal 
(pull) of BH2, C≡N, NO2, and CH2 in 11a,b-13a,b are considered, C≡C triple bonds are 
only 0.003 Å, 0.003 Å, 0.003 Å shorter than the C≡C triple bond in reference 21, 
respectively. However, the C≡C triple bonds in 14a,b are 0.017 Å longer than that in 
reference 21. 
 When only the electron push of NH2 in 11a-13a (cis forms) is considered the 
C≡C triple bonds are equal to those in reference molecules 17a-19a, respectively. 
However, in 14a (cis form) the C≡C triple bond is 0.020 Å longer than that in 20a. In 
11b-13b (trans forms) the C≡C triple bonds are only 0.003 Å, 0.002 Å, and 0.002 Å 
shorter than those in 17b-19b, respectively. However, the C≡C triple bond in 14b is 
0.013 Å longer than that in reference molecule 20b. 
The data indicates that the electronic pulling effect is stronger in 14b. The 
electron pushing effects seem to be stronger in 11a, 12a,b-13a,b and 14a. The pushing 
effect and the pulling effect on the C≡C triple bond of 11b are equal. 
C(4)-N(5) Bond 
At the B3LYP/6-31++G(d,p) level of theory, cis forms of molecules 11a-14a 
have C(4)-N(5) bonds 0.018 Å, 0.018 Å, 0.038 Å, and 0.068 Å shorter than the C(4)-N(5) 
bond in reference molecule 21, respectively. Similarly, molecules 11b-14b (trans forms) 
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have C(4)-N(5) bonds 0.018 Å, 0.018 Å, 0.028 Å, and 0.068 Å shorter than that in 21, 
respectively. 
At the MP2/6-311+G(d,p) level of theory, molecules 11a-14a (cis forms) have C-
N bonds 0.011 Å, 0.011 Å, 0.021 Å, and 0.081 Å shorter than the C(4)-N(5) bond in 
reference molecule 21, respectively. Also 11b-14b have C(4)-N(5) bonds 0.011 Å, 0.011 
Å, 0.011 Å, and 0.081 Å shorter than that in reference 21, respectively. 
The results from both levels show that C(4)-N(5) (amino) bonds in molecules 
11a,b-14a,b are significantly shorter than that in reference 21. This is another indication 
that the electronic push-pull effect makes resonance structures IX and XII major
contributors to the electronic structures of trans and cis forms of 11-14, respectively. 
The predicted order of electron acceptor strength is consistent across both levels 
of theory when using the reduction in the length of C(4)-N(5) bonds as a criterion. For 
both cis and trans forms, CH2 is clearly the strongest electron acceptor followed by 
NO2. The weaker electron acceptors, BH2 and C≡N, are equal in strength. 
C(1)-X(10) Bond 
At the B3LYP/6-31++G(d,p) level of theory, cis forms of molecules 11a and 
13a-14a have C-X bonds 0.020 Å, 0.020 Å, and 0.010 Å shorter than C-X bonds in 
reference molecules 17a and 19a-20a, respectively. However, the C-X bond in 12a (cis 
form) is equal to that of reference molecule 18a. Molecules 11b-14b (trans forms) have 
C-X bonds 0.018 Å, 0.006 Å, 0.025 Å, and 0.020 Å shorter than C-X bonds in reference 
molecules 17b-20b, respectively. 
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At the MP2/6-311+G(d,p) level of theory, cis forms of molecules 11a and 13a-
14a have C-X bonds 0.010 Å, 0.010 Å, and 0.020 Å shorter than C-X double bonds in 
references 17a and 19a-20a, respectively. However, in 12a (cis form) the C-X bond is 
equal to that in reference 18a. In molecules 11b-14b (trans forms) the C-X bonds are 
0.013 Å, 0.009 Å, 0.011 Å, and 0.025 Å shorter than those in 17b-20b, respectively. 
The results from both levels suggest that C(1)-X(10) bonds in all but one of 
molecules 11a,b-14a,b are significantly shorter than molecules 17a,b-20a,b,
respectively. The lone exception is 12a whose C-X bond is equal to that in reference 18a. 
The electronic push-pull effect makes resonance structures IX and XII major contributors 
to the electronic structures of trans and cis forms of 11-14, respectively. 
Relative Energies between Cis and Trans Forms 
Relative Gibbs energies (ΔGcis/trans) between the cis and trans forms of molecules 
11-14 are given in Tables 4.13-4.14, respectively. These results from B3LYP/6-
31++G(d,p) and MP2/6-311+G(d,p) levels of theory prove that the trans forms are more 
stable than the cis forms for systems 11 and 13-14. However, the energy of molecule 12a
(cis form) is only 0.1 and 0.6 kcal/mol lower than the Gibbs energy (Gtrans) of 12b (trans
form), respectively for the two levels of theory. The energies of molecules 12a and 12b 
are slightly different. 
Rotational Barriers about C(1)=C(2) Double Bond 
This section examines the total push-pull effect on the rotational barrier around 
the C=C double bond in the NH2C≡CCH=CHX system. The rotational barrier between 
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the cis and trans forms involves breaking the π-bond of the C=C double bond as shown 
in Figure 4.11. As stated earlier, if resonance structures IX and XII (Figure 4.1) are the 
major contributors to the electronic structure of this system, the rotational barriers in 11-
























 (Transition state systems) 
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Figure 4.11 
The π-bond in cis, trans NH2C≡CCH=CHX and the perpendicular 
p-orbitals in the alkene transition states 
Two references for rotational barriers are used: (1) the rotational barrier of 1,2-
dideuteroethylene from experiment is 65.0 kcal/mol [6], and (2) the Gibbs energy 
(ΔG‡ROT) rotational barrier of ethylene from unrestricted calculation at B3LYP/6-
31++G(d,p) and MP2-6-311+G(d,p) levels of theory are 58.0 and 63.2 kcal/mol, 
respectively. 
There are two special cases at the B3LYP/6-31++G(d,p) level which the 
calculations of transition states show instability of the restricted wavefunction. Firstly, 
the transition state in system 11 calculated with the restricted wavefunction showed 
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instability, therefore this calculation was repeated using an unrestricted wavefunction. 
However, the rotational barrier from the unrestricted calculation gave energy 0.2 
kcal/mol lower than the restricted calculation which both calculations are not 
significantly different. Thus, the transition state for system 11 is using the restricted 
wavefunction. Secondly, for the transition state in system 12, the geometry was not 
converged with the restricted calculation due to numerical problems. However, the 
restricted wavefunction showed instability; therefore this calculation was repeated using 
an unrestricted wavefunction. Thus, the transition state for system 12 is using only the 
unrestricted wavefunction and this barrier can compare only with the system calculated 
using an unrestricted wavefunction. 
The lower the rotational barrier in molecules 11-14, the stronger the push-pull 
electronic effect. Data from both levels of theory, (B3LYP/6-31++G(d,p) and MP2-6-
311+G(d,p)), indicate that the lowest rotational barriers occur in the CH2-substituted 
derivatives (14.1 and 13.2 kcal/mol, respectively for both levels of theory). The second 
lowest barrier is found in the BH2-substituted derivative (48.5 and 56.6 kcal/mol, 
respectively for both levels of theory). The third lowest was predicted in the NO2-
substituted derivative (49.0 and 58.3 kcal/mol, respectively for both levels of theory). 
Finally, the highest rotational barrier is calculated at the MP2 level for the C≡N-
substituted derivative (79.0 kcal/mol). The electronic push-pull effect makes resonance 
structures IX and XII major contributors to the electronic structures of trans and cis 
forms of 11-14, respectively. 
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The predicted order of electron acceptor strength is consistent across both levels 
of theory when using the reduction in rotational barriers as a criterion. Clearly, CH2 is 
the strongest electron acceptor followed by BH2, NO2, and C≡N. 
In fact, the rotational barriers for the CH2-substituted derivatives at both levels 
of theory are 5 times lower than the experimental rotational barrier of ethylene (65.0 
kcal/mol) [6] and 4 and 5 times lower than those calculated at B3LYP/6-31++G(d,p) and 
MP2-6-311+G(d,p) levels of theory, respectively. The weakest push-pull effect occurs 
with the C≡N acceptor. Curiously, at the MP2/6-311+G(d,p) level of theory the rotational 
barrier of the C≡N substituted derivative is about 16 kcal/mol calculated for ethylene and 
14 kcal/mol higher than the experimental value of ethylene. 
The order of push-pull electronic effects in this chapter is the same as chapter III. 
Since both series use the same electron acceptors, the reasons for push-pull electronic 
effects on rotational barriers in this chapter should be similar to those in chapter III. 
Rotational barriers in chapter IV are significantly higher than barriers in chapter III. This 
effect is related to the increased length of the conjugated systems in series II and the 
longer distance thru which the push-pull electronic effects must exert an influence. 
Results from the NH2CH=CHC≡CCH2  system (15) indicates that rotational 
barriers of this system at B3LYP/6-31++G(d,p) and MP2/6-311+G(d,p) levels of theory 
are 3.9 and 2.2 kcal/mol, respectively higher than the NH2C≡CCH=CHCH2  system
(14). These results suggest that the electron withdrawal (pull) effect is more important 
than the electronic push effect of the amino group. 
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In push-pull systems, a significant charge separation may exist as shown in the 
resonance structures IX and XII in Figure 4.1. At B3LYP/6-31++G(d,p) and MP2/6-
311+G(d,p) levels of theory, the dipole moment for cis molecule 11a (X = BH2) is 4.377 
D and 3.123 D, respectively. Likewise, in 11b (trans form), the dipole moment is 5.586 
D and 4.136 D, respectively for both levels of theory. 
The results from calculations at B3LYP/6-31++G(d,p), and MP2/6-311+G(d,p) 
levels of theory are consistent. Trans molecules 11b-13b (X = BH2, C≡N, and NO2) 
have larger dipole moments than those in their cis molecules 11a-13a. In contrast, cation 
14a (cis form; X = CH2) has a dipole moment which is larger than that in trans 
molecule 14b. 
Atomic Charges Using the Merz–Singh–Kollman (MK) Scheme 
This research utilized the Merz–Singh–Kollman (MK) scheme to calculate atomic 
charges. Results from calculations of 11a,b-14a,b (X = BH2, C≡N, NO2, and CH2) and
TS 11-14 at B3LYP/6-31++G(d,p) and MP2/6-311+G(d,p) levels of theory show atomic 
charges of all C(1), C(2), C(3), C(4), N(5), and X(10) atoms are partial negative, partial 
positive, partial negative, partial positive, partial negative, and partial positive, 
respectively. For example, at the B3LYP/6-31++G(d,p) level of theory, cis molecule 11a 
(X = BH2) has atomic charges which are -0.33 e on C(1), -0.02 e on C(2), -0.30 e on 
C(3), 0.37 e on C(4), -0.86 e on N(5), and 0.44 e on B(10). 
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In cis molecules 11a-14a at the B3LYP/6-31++G(d,p), atomic charges on C(1) 
atoms are -0.33 e, -0.48 e, -0.22 e, and -0.16 e, respectively. Also in trans molecules 11b-
14b, atomic charges on C(1) atoms are -0.42 e, -0.38 e, -0.28 e, and -0.12 e, respectively.
At the MP2 level, atomic charges on C(1) atoms in molecules 11a-14a (cis forms) 
are -0.30 e, -0.38 e, -0.11 e, and -0.16 e, respectively. Similarly, in trans series, atomic 
charges on C(1) atoms in molecules 11b-14b are -0.40 e, -0.35 e, -0.23 e, and -0.12 e, 
respectively. The electronic push-pull effect makes resonance structures IX and XII
major contributors to the electronic structures of trans and cis forms of 11-14, 
respectively.
The smaller the negative charge at the C(1) atom in molecules 11-14, the stronger 
electron acceptor. The electron acceptor strength is consistent across both levels of theory 
when ranked by its contribution to the push-pull effects which reduce partial negative 
charges of C(1) atoms. For the cis forms, CH2 is clearly the strongest electron acceptor
followed by NO2, BH2, and C≡N. In the trans forms, CH2 is also the strongest electron
acceptor followed again by NO2. Furthermore, in the trans series C≡N is followed by 
BH2. The order of push-pull electronic effects using the reduction of partial negative 
charges of C(1) atoms as the criteria in this chapter is the same as chapter III. 
Curiously, the atomic charge on the C(1) atom in cis form of NO2-substituted 
derivative is less negative than that in cis form of the CH2-substituted derivative. Again, 
in 14a,b at both levels of theory, the atomic charge on the C(10) atoms have a negative 
charge. However, this situation is similar to the outcome found for molecules 4a,b in 
chapter III. Since both cis and trans forms of 14 and 4 use the same electron acceptors (X 
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= CH2), the reasons for this case in this chapter should be the similar to those in chapter 
III. 
At this point, two facts are crucial to understanding why the C(10) atoms in the -
CH2 group exhibit a partial negative charge. Firstly, an unhybridized 2p-orbital of the 
sp2 hybridized C(10) atom parallels the π-bond of C(1)=C(2) double bond and allows π-
electrons from the double bond to delocalize into the C(10) atom. Secondly, the - CH2 
group has the strongest inductive and resonance effects which is the same as prediction 
by the rotational barriers. Thus, it strongly pulls electrons from the C(1) atom making the 
atomic charge on the C(10) atom more negative. 
In molecules TS 11-TS 14 at the B3LYP/6-31++G(d,p) level, the atomic charges 
on C(1) atoms are -0.80 e, -0.10 e, -0.54 e, and -0.20 e, respectively, while the atomic 
charges on C(2) atoms are 0.58 e, -0.11 e, 0.42 e, and 0.30 e, respectively. 
The data indicates clearly that TS 12 (the C≡N substituent) calculated at the 
B3LYP/6-31++G(d,p) level of theory using unrestricted calculation, which there is no 
charge separation involved, the C(1) atom is less negative than TS 11, TS 13, and TS 14.
The C(2) atom in TS 12 also shows the negative charge which is significantly opposite 
charge from TS 11, TS 13, and TS 14.
At the MP2 level, the atomic charges on C(1) atoms in molecules TS 11-TS 14 
are -0.88 e, -1.17 e, -0.48 e, and -0.19 e, respectively. 
Data from both levels of theory suggest that partial negative charges on C(1) 
atoms in transition state molecules TS 11-TS 14 are larger than those in cis and trans 
forms of molecules 11-14 due to breaking the π-bond of the C=C double bond as shown 
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in Figure 4.11. The DFT calculation of system 12 is only one exception. Clearly, 
transition state systems have significant charge separation.  
The predicted order of electron acceptor strength is consistent across both levels 
of theory when using the reduction in partial negative charges of C(1) atoms as a 
criterion. For the transition state forms, CH2 is clearly the strongest electron acceptor 
followed by the NO2, BH2, and C≡N. 
The data also indicate that the stronger push-pull effects on atomic charges of 
transition state systems are as follows. Firstly, the C(1) and C(3) atoms are less 
negatively charged. Secondly, the C(2) and C(4) atoms are less positively charged. Next, 
the atomic charge on the N(5) atom become less negative. Finally, the atomic charge on 
the X(10) atom become less positive than those of the other three transition states.  
Again, in TS 14 at both levels of theory, the atomic charge on the C(10) atoms 
have a negative charge. However, this situation is similar to the outcome found for 
molecules TS 4 in chapter III. Since both molecules TS 14 and TS 4 use the same 
electron acceptors (X = CH2), the reasons for this case in this chapter should be the 
similar to those in chapter III. 
Two facts are crucial for understanding why the C(10) atom in TS 14 shows the 
negative charge. Firstly, the π-bond of the C=C double bond in TS 14 breaks, causing the 
atomic charge on the C(1) atom to become more negative due to gaining two bonding 
electrons from the C(2) atom. Secondly, the negative charge on the C(1) atom can be 
stabilized by forming π-bond with an unhybridized 2p-orbital of the C(10) atom. Clearly, 
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the C(8) atom in TS 14 carries more negatively charged due to gaining electrons from the 
C(1) atom.    
Electron Density 
This section discussed the total push-pull electronic effect on electron densities of 
molecules 11a,b-14a,b (X = BH2, C≡N, NO2, and CH2) and TS 11-TS 14. The electron 
densities were calculated at the MP2/6-311+G(d,p) level of theory. In this chapter, the 
electron isodensity surface for every system plotted by Molden are illustrated by contour 
maps in three dimensions. The green shading in the Figures 4.4-4.7 reveals electron 
isodensity surfaces of 0.3 electrons per cubic Bohr radius. If resonance structures IX and 
XII (Figure 4.1) are major contributors to the electronic structures of the trans and cis
forms of 11-14, respectively, the electron density plots should show low electron density 
between the C(1)=C(2) double bond and high electron density between the C(4)-N(5) 
(amino group) and C(1)-X(10) bonds.  
The electron densities between the C(1)=C(2) double bonds of the cis and trans
molecules 11a,b-13a,b (X= BH2, C≡N, and NO2) are significantly higher than those in
cis and trans molecules 14a,b (X = CH2). Obviously in Figure 4.7, cis and trans 
molecules 14a,b show the electron density distribution between the C(4)-N(5) (amino 
group) and C(1)-X(10) bond to be higher than those in cis and trans forms of molecules 
11-13. Electron density plots of both the cis and trans forms of molecule 15 
(H2NCH=CHC≡CCH2 ) show low electron density distribution between the C(1)=C(2) 
double bond and high electron density distribution between the C(2)-N(3) (amino group) 
and C(9)-C(10) bond. These results agree with the electron density plots of molecules 
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14a,b even though cis and trans molecules 15a,b reverses the order of attachment of the 
NH2 donor and the CH2 acceptor versus cis and trans cations 14a,b. 
Molecule 16a (cis- H2NC≡CCH=CHCH3) is the reference for the electron density 
of cation 14a (cis form). At B3LYP/6-31++G(d,p) and MP2/6-311+G(d,p) levels of 
theory, the C(1)=C(2) double bonds of 16a are only 0.009 Å and 0.013 Å longer than the 
C=C double bond of ethylene, respectively. The C=C double bond length in 16a is 
slightly longer than the C=C double bond of ethylene due to the extended conjugated 
system. Figure 4.10 reveals that there is high electron density between the C(1)=C(2) 
double bond in 16a. These results suggest that the C(1)=C(2) double bond in 16a has a 
significant double bond character. Figure 4.10 also indicates that the electron density 
distribution around the C-N (amino group) and C(1)-C(10) bonds in 16a is significantly 
less than those in 14a, respectively. 
The order of electron acceptor strength is hard to predict using the plotted electron 
density maps. The strongest electron acceptor occurs in the CH2 substituent. This is the 
same outcome predicted in chapter III. Again, using the electron density maps it is 
difficult to order electron acceptor strength for the BH2, C≡N, and NO2-substituted 
derivatives. 
Electron isodensity surface plots shown in Figures 4.4-4.8 clearly reveal that the 
C(1)=C(2) bonds in transition states TS 11-TS 15 lose electron density upon rotation 
around the C(1)=C(2) double bond when the π-bond of the double bond breaks (see 
details in Figure 4.11).  
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A plotting error resulted in the lack of color shading in the contour lines in 
molecules 11a, 12a, TS 11, TS 14, and 15a found in Figures 4.4, 4.5, 4.7 and 4.9. The 
true contour lines are plotted and the shape of the volume can be seen even without the 
shading. 
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Table 4.1 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (3Z)-H2NC≡CCH=CHBH2 (11a) at Different Levels of 
Theory
 B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.373 1.372 
C2-C3  1.400 1.410 
C3-C4  1.220 1.220 
C4-N5  1.330 1.350 
C1-B10  1.520 1.530 
Angles 
∠C2-C1-H9  114.3 114.9 
∠C2-C1-B10  125.3 123.8 
∠H9-C1-B10  120.5 121.2 
∠C1-C2-H8  118.6 119.2 
∠C1-C2-C3  128.0 126.1 
∠H8-C2-C3  113.4 114.7 
∠C2-C3-C4  176.4 176.0 
∠C3-C4-N5  177.1 175.1 
∠C4-N5-H6  119.6 114.9 
∠C4-N5-H7  119.3 114.5 
∠H6-N3-H7  116.2 112.5 
Dihedral Angles 
B10-C1-C2-C3  -0.1 -0.7 
C1-C2-C3-C4  179.8 149.8 
C2-C3-C4-N5  142.1 143.7 
C3-C4-N5-H6  -155.4 -138.5 
C3-C4-N5-H7  50.5 89.0 
C2-C1-B10-H11  -0.2 -0.1 
C2-C1-B10-H12  179.8 -180.0 
Dipole Moments 4.377 3.123
Total Energies -235.5590730 -234.8620714 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.2 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (3E)-H2NC≡CCH=CHBH2 (11b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.371 1.371 
C2-C3  1.400 1.410 
C3-C4  1.220 1.220 
C4-N5  1.330 1.350 
C1-B10  1.520 1.530 
Angles 
∠C2-C1-H9  116.9 117.1 
∠C2-C1-B10  120.8 119.7 
∠H9-C1-B10  122.2 123.2 
∠C1-C2-H8  117.9 118.3 
∠C1-C2-C3  127.0 125.5 
∠H8-C2-C3  115.1 116.3 
∠C2-C3-C4  178.1 177.2 
∠C3-C4-N5  178.0 175.4 
∠C4-N5-H6  119.8 114.9 
∠C4-N5-H7  119.7 114.9 
∠H6-N3-H7  116.3 112.7 
Dihedral Angles 
B10-C1-C2-C3  180.0 179.5 
C1-C2-C3-C4  178.9 116.7 
C2-C3-C4-N5  121.3 162.9 
C3-C4-N5-H6  -132.2 -122.8 
C3-C4-N5-H7  71.6 104.2 
C2-C1-B10-H11  0.0 0.2 
C2-C1-B10-H12  -180.0 -179.8 
Dipole Moments 5.586 4.136
Total Energies -235.563014 -234.865446 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.3 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 4-Boranyl-but-3-en-1-ynyl Amine (TS 




C1-C2  1.429 
C2-C3  1.360 
C3-C4  1.240 
C4-N5  1.300 
C1-B10  1.470 
Angles 
∠C2-C1-H9  117.7 
∠C2-C1-B10  120.0 
∠H9-C1-B10  122.3 
∠C1-C2-H8  122.8 
∠C1-C2-C3  122.6 
∠H8-C2-C3  114.5 
∠C2-C3-C4  178.1 
∠C3-C4-N5  174.1 
∠C4-N5-H6  121.7 
∠C4-N5-H7  121.0 
∠H6-N3-H7  117.4 
Dihedral Angles 
B10-C1-C2-C3  -89.1 
C1-C2-C3-C4  58.2 
C2-C3-C4-N5  -61.0 
C3-C4-N5-H6  178.7 
C3-C4-N5-H7  0.5 
C2-C1-B10-H11  0.1 
C2-C1-B10-H12  179.9 
Dipole Moments 9.950 
Total Energies -235.4820754


























a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.4 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (2Z)-H2NC≡CCH=CHC≡N (12a) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.361 1.360 
C2-C3  1.400 1.410 
C3-C4  1.220 1.220 
C4-N5  1.330 1.350 
C1-C10  1.420 1.420 
Angles 
∠C2-C1-H9  119.8 120.5 
∠C2-C1-C10  123.4 121.7 
∠H9-C1-C10  116.8 117.8 
∠C1-C2-H8  117.2 118.1 
∠C1-C2-C3  126.7 124.1 
∠H8-C2-C3  116.2 117.9 
∠C2-C3-C4  178.7 177.1 
∠C3-C4-N5  177.4 175.0 
∠C4-N5-H6  119.5 114.8 
∠C4-N5-H7  118.9 114.3 
∠H6-N3-H7  116.2 112.6 
Dihedral Angles 
C10-C1-C2-C3  -0.2 -1.5 
C1-C2-C3-C4  175.7 84.8 
C2-C3-C4-N5  135.7 -164.3 
C3-C4-N5-H6  -146.5 -129.9 
C3-C4-N5-H7  60.4 97.9 
C2-C1-C10-N11  -175.1 -18.5 
Dipole Moments 5.421 4.117 
Total Energies -302.3627256 -301.5597118 
a The labeling scheme of atoms is given in Figure 4.2. 
155 























   










Table 4.5 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NC≡CCH=CHC≡N (12b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.359 1.358 
C2-C3  1.400 1.410 
C3-C4  1.220 1.220 
C4-N5  1.330 1.350 
C1-C10  1.420 1.420 
Angles 
∠C2-C1-H9  121.2 121.1 
∠C2-C1-C10  122.1 121.5 
∠H9-C1-C10  116.8 117.5 
∠C1-C2-H8  118.5 118.8 
∠C1-C2-C3  125.5 123.8 
∠H8-C2-C3  116.0 117.4 
∠C2-C3-C4  177.4 176.8 
∠C3-C4-N5  177.8 175.0 
∠C4-N5-H6  118.9 114.4 
∠C4-N5-H7  119.0 114.5 
∠H6-N3-H7  115.7 112.3 
Dihedral Angles 
C10-C1-C2-C3  -180.0 179.6 
C1-C2-C3-C4  177.2 117.3 
C2-C3-C4-N5  113.5 157.1 
C3-C4-N5-H6  -125.1 -117.5 
C3-C4-N5-H7  84.1 110.9 
C2-C1-C10-N11  179.0 169.5 
Dipole Moments 7.943 6.434 
Total Energies -302.3625205  -301.5589155 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.6 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 5-Aminopent-2-en-4-ynenitrile (TS 12) 
at Different Levels of Theory 
UB3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, transition state C1, transition state 
Distances 
C1-C2  1.477 1.463 
C2-C3  1.375 1.350 
C3-C4  1.232 1.240 
C4-N5  1.341 1.290 
C1-C10  1.394 1.420 
Angles 
∠C2-C1-H9  120.8 111.4 
∠C2-C1-C10  122.3 107.3 
∠H9-C1-C10  116.9 113.3 
∠C1-C2-H8  118.5 124.8 
∠C1-C2-C3  122.2 119.5 
∠H8-C2-C3  119.4 115.6 
∠C2-C3-C4  179.1 176.4 
∠C3-C4-N5  176.4 175.3 
∠C4-N5-H6  117.5 121.3 
∠C4-N5-H7  117.4 120.3 
∠H6-N3-H7  114.2 118.3 
Dihedral Angles 
C10-C1-C2-C3  -90.3 -114.1 
C1-C2-C3-C4  92.1 55.5 
C2-C3-C4-N5  -177.5 -59.7 
C3-C4-N5-H6  -111.3 -178.6 
C3-C4-N5-H7  106.4 4.4 
C2-C1-C10-N11  163.1 69.6 
Dipole Moments 5.236 12.780 
Total Energies -302.2842415 -301.4297602 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.7 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (3Z)-H2NC≡CCH=CHNO2 (13a) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
Cs, minimum C1, minimum 
Distances 
C1-C2  1.357 1.351 
C2-C3  1.390 1.400 
C3-C4  1.220 1.220 
C4-N5  1.310 1.340 
C1-N10  1.430 1.440 
Angles 
∠C2-C1-H9  123.3 123.5 
∠C2-C1-N10  123.6 124.0 
∠H9-C1-N10  113.1 112.6 
∠C1-C2-H8  114.8 115.0 
∠C1-C2-C3  129.8 128.4 
∠H8-C2-C3  115.4 116.6 
∠C2-C3-C4  174.5 174.7 
∠C3-C4-N5  175.2 174.6 
∠C4-N5-H6  121.6 115.7 
∠C4-N5-H7  120.5 114.9 
∠H6-N3-H7  117.9 113.4 
Dihedral Angles 
C10-C1-C2-C3  0.0 -0.6 
C1-C2-C3-C4  180.0 163.1 
C2-C3-C4-N5  180.0 148.2 
C3-C4-N5-H6  180.0 -156.4 
C3-C4-N5-H7  0.0 68.6 
C2-C1-N10-O11  0.0 -1.5 
C2-C1-N10-O12  180.0 178.6 
Dipole Moments 6.911 5.043 
Total Energies -414.6266978  -413.6243722 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.8 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (3E)-H2NC≡CCH=CHNO2 (13b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.352 1.346 
C2-C3  1.390 1.410 
C3-C4  1.220 1.220 
C4-N5  1.320 1.350 
C1-C10  1.430 1.450 
Angles 
∠C2-C1-H9  126.5 126.5 
∠C2-C1-N10  120.2 120.4 
∠H9-C1-N10  113.2 113.1 
∠C1-C2-H8  117.1 118.1 
∠C1-C2-C3  125.3 123.2 
∠H8-C2-C3  117.6 118.8 
∠C2-C3-C4  177.5 176.8 
∠C3-C4-N5  178.8 175.4 
∠C4-N5-H6  120.6 114.7 
∠C4-N5-H7  120.6 114.7 
∠H6-N3-H7  117.3 112.6 
Dihedral Angles 
C10-C1-C2-C3  -179.9 179.9 
C1-C2-C3-C4  179.8 136.0 
C2-C3-C4-N5  125.9 142.7 
C3-C4-N5-H6  -132.9 -122.3 
C3-C4-N5-H7  61.5 105.1 
C2-C1-C10-O11  0.0 -1.3 
C2-C1-C10-O12  180.0 178.8 
Dipole Moments 9.066 6.694 
Total Energies -414.628559  -413.6262918 
a The labeling scheme of atoms is given in Figure 4.2.  
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Table 4.9 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 4-Nitrobut-3-en-1-ynyl Amine (TS 13) 




C1-C2  1.459 
C2-C3  1.370 
C3-C4  1.220 
C4-N5  1.310 
C1-N10  1.330 
Angles 
∠C2-C1-H9  129.1 
∠C2-C1-N10  105.4 
∠H9-C1-N10  123.2 
∠C1-C2-H8  118.8 
∠C1-C2-C3  125.1 
∠H8-C2-C3  114.2 
∠C2-C3-C4  178.1 
∠C3-C4-N5  177.6 
∠C4-N5-H6  121.3 
∠C4-N5-H7  120.8 
∠H6-N3-H7  117.6 
Dihedral Angles 
N10-C1-C2-C3  84.4 
C1-C2-C3-C4  165.9 
C2-C3-C4-N5  -148.8 
C3-C4-N5-H6  160.5 
C3-C4-N5-H7  -26.4 
C2-C1-N10-O11  3.9 
C2-C1-N10-O12  -178.2 
Dipole Moments 9.491 
Total Energies -414.5493539


























a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.10 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (2Z)-H2NC≡CCH=CHCH2  (14a) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.438 1.439 
C2-C3  1.350 1.350 
C3-C4  1.240 1.240 
C4-N5  1.280 1.280 
C1-C10  1.350 1.350 
Angles 
∠C2-C1-H9  115.9 116.7 
∠C2-C1-C10  124.1 122.9 
∠H9-C1-C10  120.0 120.4 
∠C1-C2-H8  116.7 117.6 
∠C1-C2-C3  128.0 126.4 
∠H8-C2-C3  115.3 116.0 
∠C2-C3-C4  176.3 175.6 
∠C3-C4-N5  179.9 179.5 
∠C4-N5-H6  121.2 120.7 
∠C4-N5-H7  121.6 121.2 
∠H6-N3-H7  117.2 118.1 
Dihedral Angles 
C10-C1-C2-C3  0.0 0.0 
C1-C2-C3-C4  180.0 180.0 
C2-C3-C4-N5  0.0 180.0 
C3-C4-N5-H6  0.0 180.0 
C3-C4-N5-H7  180.0 0.0 
C2-C1-C10-H11  0.0 0.0 
C2-C1-C10-H12  180.0 180.0 
Dipole Moments  2.923 3.181 
Total Energies -248.5630174  -247.8462432 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.11 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (2E)-H2NC≡CCH=CHCH2  (14b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.430 1.431 
C2-C3  1.340 1.350 
C3-C4  1.240 1.240 
C4-N5  1.280 1.280 
C1-C10  1.350 1.350 
Angles 
∠C2-C1-H9  118.8 119.1 
∠C2-C1-C10  120.3 119.5 
∠H9-C1-C10  120.9 121.4 
∠C1-C2-H8  117.9 118.1 
∠C1-C2-C3  125.2 124.3 
∠H8-C2-C3  116.9 117.6 
∠C2-C3-C4  178.5 178.7 
∠C3-C4-N5  180.0 179.9 
∠C4-N5-H6  121.3 120.9 
∠C4-N5-H7  121.4 121.0 
∠H6-N3-H7  117.3 118.1 
Dihedral Angles 
C10-C1-C2-C3  180.0 180.0 
C1-C2-C3-C4  180.0 180.0 
C2-C3-C4-N5  180.0 180.0 
C3-C4-N5-H6  180.0 180.0 
C3-C4-N5-H7  0.0 0.0 
C2-C1-C10-N11  0.0 0.0 
C2-C1-C10-N12  180.0 180.0 
Dipole Moments  2.663 1.841 
Total Energies -248.568482  -247.8516336 
a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.12 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 5-Aminopent-2-en-4-yn-1-ylium Cation




C1-C2  1.480 
C2-C3  1.330 
C3-C4  1.250 
C4-N5  1.270 
C1-C10  1.330 
Angles 
∠C2-C1-H9  114.3 
∠C2-C1-C10  124.1 
∠H9-C1-C10  121.6 
∠C1-C2-H8  118.8 
∠C1-C2-C3  123.9 
∠H8-C2-C3  117.2 
∠C2-C3-C4  179.4 
∠C3-C4-N5  179.3 
∠C4-N5-H6  121.5 
∠C4-N5-H7  121.4 
∠H6-N3-H7  117.1 
Dihedral Angles 
C10-C1-C2-C3  94.6 
C1-C2-C3-C4  169.9 
C2-C3-C4-N5  -173.3 
C3-C4-N5-H6  -178.2 
C3-C4-N5-H7  1.8 
C2-C1-C10-H11  -1.1 
C2-C1-C10-H12  178.9 
Dipole Moments 4.850 
Total Energies -248.5446624


























a The labeling scheme of atoms is given in Figure 4.2. 
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Table 4.13 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the Series H2NC≡CCH=CHX Calculated at the B3LYP/6-31++G(d,p) 
Level of Theory 
164 
NH2C≡CCH=CHX X = BH2 X = CN X = NO2 X = CH2 
Cis 
Total Energy -235.5590730 -302.3627256 -414.6266978 -248.5630174 
Trans 
Total Energy -235.5630140 -302.3625205 -414.6285590 -248.5684820 
Transition State 
Total Energy -235.4820754 -302.2842415 -414.5493539 -248.5446624 
∆E (cis-trans)a 2.5 -0.1 1.2 3.4 
∆E‡ (barrier)b 50.8 49.1 49.7 14.9 
∆G (cis-trans) 2.4 -0.1 1.5 3.2 
∆G‡ (barrier) 48.7 45.3 49.0 14.1 
a Ecis−Etrans a positive number means that the trans form is more stable. b Etransition 
state−Etrans
Table 4.14 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the series H2NC≡CCH=CHX Calculated at the MP2/6-311+G(d,p) 
Level of Theory 
NH2C≡CCH=CHX X = BH2 X = CN X = NO2 X = CH2 
Cis 
Total Energy -234.8620714 -301.5597118 -413.6243722 -247.8462432 
Trans 
Total Energy -234.8654460 -301.5589155 -413.6262918 -247.8516336 
Transition State 
Total Energy -234.7721556 -301.4297602 -413.5334589 -247.8303215 
∆E (cis-trans)a 2.1 -0.5 1.2 3.4 
∆E‡ (barrier)b 58.5 81.0 58.3 13.4 
∆G (cis-trans) 2.0 -0.6 1.3 2.7 
∆G‡ (barrier) 56.6 79.0 58.3 13.2 
a Ecis−Etrans a positive number means that the trans form is more stable. b Etransition 
state−Etrans




                         
       
        
   
            
    
           
    

























Table 4.15 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (3Z)-
H2NC≡CCH=CHBH2 (11a), (3E)-H2NC≡CCH=CHBH2 (11b), and  
Transition States of 4-Boranyl-but-3-en-1-ynyl Amine (TS 11) at 
Different Levels of Theoryb 
Method System MK 
C1  C2  C3  C4  N5  B10 
B3LYP/6-31++G(d,p) 11a -0.33 -0.02 -0.30 0.37 -0.86 0.44 
MP2/6-311+G(d,p) 11a -0.30 -0.08 -0.24 0.27 -0.75 0.47
B3LYP/6-31++G(d,p) 11b -0.42 0.09 -0.30 0.33 -0.84 0.40 
MP2/6-311+G(d,p) 11b -0.40 0.02 -0.23 0.23 -0.72 0.45
B3LYP/6-31++G(d,p) TS 11 -0.80 0.58 -0.37 0.40 -0.72 0.14 
MP2/6-311+G(d,p) TS 11 -0.88 0.66 -0.45 0.48 -0.79 0.11
a The labeling scheme of atoms is given in Figure 4.2. b Atomic charge in units of 
e. 
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Table 4.16 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (2Z)-
H2NC≡CCH=CHC≡N (12a), (2E)-H2NC≡CCH=CHC≡N (12b), and  
Transition State of 5-Aminopent-2-en-4-ynenitrile (TS 12) at Different
Levels of Theoryb 
Method System MK 
C1  C2  C3  C4  N5  C10  N11 
B3LYP/6-31++G(d,p) 12a -0.48 0.10 -0.36 0.40 -0.87 0.56 -0.54 
MP2/6-311+G(d,p) 12a -0.38 -0.03 -0.25 0.27 -0.75 0.51 -0.49
B3LYP/6-31++G(d,p) 12b -0.38 0.07 -0.30 0.32 -0.81 0.42 -0.50 
MP2/6-311+G(d,p) 12b -0.35 -0.01 -0.23 0.22 -0.71 0.43 -0.46 
UB3LYP/6-31++G(d,p) TS 12 -0.10 -0.11 -0.21 0.26 -0.78 0.36 -0.45 
MP2/6-311+G(d,p) TS 12 -1.17 0.75 -0.41 0.46 -0.70 0.66 -0.66 
a The labeling scheme of atoms is given in Figure 4.2. b Atomic charge in units of 
e. 
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Table 4.17 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (3Z)-
H2NC≡CCH=CHNO2 (13a), (3E)-H2NC≡CCH=CHNO2 (13b), and  
Transition State of Nitrobut-3-en-1-ynyl Amine (TS 13) at Different 
Levels of Theoryb 
Method System MK 
__________________________________________
 C1  C2  C3  C4  N5  N10  O11  O12
B3LYP/6-31++G(d,p) 13a -0.22 -0.06 -0.28 0.43 -0.96 0.79 -0.44 -0.49 
MP2/6-311+G(d,p) 13a -0.11 -0.23 -0.15 0.25 -0.74 0.77 -0.40 -0.46
B3LYP/6-31++G(d,p) 13b -0.28 0.08 -0.34 0.41 -0.91 0.73 -0.46 -0.46 
MP2/6-311+G(d,p) 13b -0.23 -0.07 -0.21 0.23 -0.71 0.77 -0.43 -0.44
B3LYP/6-31++G(d,p) TS 13 -0.54 0.42 -0.40 0.50 -0.92 0.73 -0.49 -0.48 
MP2/6-311+G(d,p) TS 13 -0.48 0.37 -0.35 0.36 -0.82 0.71 -0.44 -0.43
a The labeling scheme of atoms is given in Figure 4.2. b Atomic charge in units of 
e. 
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Table 4.18 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (2Z)-
H2NC≡CCH=CHCH2  (14a), (2E)-H2NC≡CCH=CHCH2 (14b), and  
Transition State of 5-Aminopent-2-en-4-yn-1-ylium Cation (TS 14) at 
Different Levels of Theoryb 
Method System MK 
C1  C2  C3  C4  N5  C10 
B3LYP/6-31++G(d,p) 14a -0.16 0.22 -0.29 0.47 -0.70 -0.08 
MP2/6-311+G(d,p) 14a -0.16 0.25 -0.33 0.51 -0.73 -0.12
B3LYP/6-31++G(d,p) 14b -0.12 0.22 -0.30 0.47 -0.68 -0.19 
MP2/6-311+G(d,p) 14b -0.12 0.24 -0.33 0.50 -0.70 -0.22
B3LYP/6-31++G(d,p) TS 14 -0.20 0.30 -0.25 0.44 -0.61 -0.31 
MP2/6-311+G(d,p) TS 14 -0.19 0.31 -0.29 0.48 -0.61 -0.34
a The labeling scheme of atoms is given in Figure 4.2. b Atomic charge in units of 
e. 
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Table 4.19 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (4Z)-H2NCH=CHC≡CCH2  (15a) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.421 1.427 
C2-N3  1.311 1.306 
C1-C8  1.348 1.347 
C8-C9  1.260 1.263 
C9-C10  1.325 1.332 
Angles 
∠C2-C1-H7  116.8 117.7 
∠C2-C1-C8  123.4 121.7 
∠H7-C1-C8  119.8 120.6 
∠C1-C2-H6  118.3 119.0 
∠C1-C2-N3  125.9 124.8 
∠H6-C2-N3  115.9 116.2 
∠C1-C8-C9  177.0 179.2 
∠C8-C9-N10  179.3 178.4 
Dihedral Angles 
C8-C1-C2-N3  0.0 0.0 
C1-C2-N3-H4  180.0 -180.0 
C1-C2-N3-H5  0.0 0.0 
C2-C1-C8-C9  -179.9 -179.4 
C1-C8-C9-C10  -2.5 -0.9 
C8-C9-C10-H11  -177.6 -179.7 
C8-C9-C10-H12  2.4 0.3 
Dipole Moments  2.881 3.362 
Total Energies -248.5757879  -247.8583175 
a The labeling scheme of atoms is given in Figure 4.8. 
169 




















   
 












Table 4.20 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (4E)-H2NCH=CHC≡CCH2  (15b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.413 1.417 
C2-N3  1.313 1.309 
C1-C8  1.349 1.348 
C8-C9  1.259 1.261 
C9-C10  1.324 1.331 
Angles 
∠C2-C1-H7  119.8 120.5 
∠C2-C1-C8  120.1 118.8 
∠H7-C1-C8  120.1 120.7 
∠C1-C2-H6  119.5 119.5 
∠C1-C2-N3  124.1 123.9 
∠H6-C2-N3  116.3 116.6 
∠C1-C8-C9  177.7 179.2 
∠C8-C9-N10  179.9 179.5 
Dihedral Angles 
C8-C1-C2-N3  180.0 180.0 
C1-C2-N3-H4  -180.0 180.0 
C1-C2-N3-H5  0.0 0.0 
C2-C1-C8-C9  -178.6 -178.9 
C1-C8-C9-C10  173.6 -1.0 
C8-C9-C10-H11  4.9 179.9 
C8-C9-C10-H12  -175.1 -0.1 
Dipole Moments  3.175 3.793 
Total Energies -248.5795845  -247.8614179 
a The labeling scheme of atoms is given in Figure 4.8. 
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Table 4.21 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 5-Aminopent-4-en-2-yn-1-ylium Cation 




C1-C2  1.472 
C2-N3  1.290 
C1-C8  1.325 
C8-C9  1.269 
C9-C10  1.317 
Angles 
∠C2-C1-H7  116.6 
∠C2-C1-C8  120.0 
∠H7-C1-C8  123.3 
∠C1-C2-H6  121.4 
∠C1-C2-N3  122.5 
∠H6-C2-N3  116.1 
∠C1-C8-C9  178.9 
∠C8-C9-N10  179.5 
Dihedral Angles 
C8-C1-C2-N3  93.6 
C1-C2-N3-H4  -179.9 
C1-C2-N3-H5  -0.4 
C2-C1-C8-C9  -177.5 
C1-C8-C9-C10  -23.6 
C8-C9-C10-H11  -160.1 
C8-C9-C10-H12  19.8 
Dipole Moments  5.747 
Total Energies -248.5498368























a The labeling scheme of atoms is given in Figure 4.8. 
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Table 4.22 The Optimized Geometrical Parametera (Bond Lengths in Å) and Dipole 
Moments (in Debyes) of (3Z)-Pent-3-en-1-ynyl Amine (16a) at Different
Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311+G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.349 1.353 
C2-C3  1.422 1.426 
C3-C4  1.218 1.223 
C4-N5  1.352 1.363 
C1-C10  1.499 1.499 
Dipole Moments  1.981 1.747 
a The labeling scheme of atoms is given in Figure 4.8. 
Table 4.23 Bond Lengthsa (in Å) for Ethylene and Acetylene at Different Levels of 
Theory 
Methods Compound     Bond Lengths 
___________________________ 
C1-C2 
B3LYP/6-31++G(d,p)  Ethylene 1.334 
MP2/6-311+G(d,p) Ethylene 1.339 
B3LYP/6-31++G(d,p) Acetylene 1.208 
MP2/6-311+G(d,p) Acetylene 1.216 
a The labeling scheme of atoms is given in Figure 4.8. 
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Table 4.24 Bond Lengthsa (in Å) for HC≡CHC=CH ̶ X; 17a (X = BH2), 18a (X = 
C≡N), 19a (X = NO2), and 20a (X = CH2) at Different Levels of Theory 
Methods Compound Bond Lengths 
C1-C2 C2-C3 C3-C4 C1-X5 
B3LYP/6-31++G(d,p) 17a 1.363 1.420 1.210 1.540 
MP2/6-311+G(d,p) 17a 1.366 1.420 1.220 1.540 
MP2/6-311++G(d,p) 17a 1.366 1.420 1.220 1.540 
B3LYP/6-31++G(d,p) 18a 1.354 1.410 1.210 1.420 
MP2/6-311+G(d,p) 18a 1.356 1.420 1.220 1.420
MP2/6-311++G(d,p) 18a 1.356 1.420 1.220 1.420
B3LYP/6-31++G(d,p) 19a 1.346 1.410 1.210 1.450 
MP2/6-311+G(d,p) 19a 1.347 1.420 1.220 1.450
MP2/6-311++G(d,p) 19a 1.347 1.420 1.220 1.450
B3LYP/6-31++G(d,p) 20a 1.415 1.380 1.220 1.360 
MP2/6-311+G(d,p) 20a 1.412 1.380 1.220 1.370
MP2/6-311++G(d,p) 20a 1.412 1.380 1.220 1.370
a The labeling scheme of atoms is given in Figure 4.8. 
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Table 4.25 Bond Lengthsa (in Å) for HC≡CHC=CH ̶ X; 17b (X = BH2), 18b (X = 
C≡N), 19b (X = NO2), and 20b (X = CH2) at Different Levels of Theory 
Methods Compound Bond Lengths 
C1-C2 C2-C3 C3-C4 C1-X5 
B3LYP/6-31++G(d,p) 17b 1.362 1.420 1.214 1.538 
MP2/6-311+G(d,p) 17b 1.365 1.426 1.223 1.543 
B3LYP/6-31++G(d,p) 18b 1.353 1.417 1.213 1.426 
MP2/6-311+G(d,p) 18b 1.355 1.423 1.222 1.429 
B3LYP/6-31++G(d,p) 19b 1.342 1.415 1.213 1.455 
MP2/6-311+G(d,p) 19b 1.343 1.422 1.222 1.461 
B3LYP/6-31++G(d,p) 20b 1.410 1.381 1.222 1.370 
MP2/6-311+G(d,p) 20b 1.407 1.387 1.227 1.375 
a The labeling scheme of atoms is given in Figure 4.8. 
Table 4.26 Bond Lengthsa (in Å) for H2NC≡CHC=CH2 (21) at Different Levels of 
Theory 
Methods Compound Bond Lengths 
C1-C2 C2-C3 C3-C4 C1-N5 
B3LYP/6-31++G(d,p) 21 1.347 1.419 1.218 1.348 
MP2/6-311+G(d,p) 21 1.349 1.425 1.223 1.361 
a The labeling scheme of atoms is given in Figure 4.8. 
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Table 4.27 Bond Lengthsa (in Å) for H2C=C=C=CH2 (22) at Different Levels of 
Theory 
Methods Compound Bond Lengths 
C1-C2 C2-C3 C3-C4 
B3LYP/6-31++G(d,p) 22 1.320 1.272 1.320 
MP2/6-311+G(d,p) 22 1.326 1.274 1.326 
a The labeling scheme of atoms is given in Figure 4.8. 
Table 4.28 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the H2NCH=CHC≡CCH2  System (15) Calculated at the B3LYP/6-
31++G(d,p) and the MP2/6-311+G(d,p) Levels of Theory 
H2NCH=CHC≡CCH2 B3LYP/6-31++G(d,p) MP2/6-311+G(d,p)
Cis 
Total Energy -248.5757879 -247.8583175 
Trans 
Total Energy -248.5795845 -247.8614179 
Transition State 
Total Energy -248.5498368 -247.8363849 
∆E (cis-trans)a 2.4 1.9 
∆E‡ (barrier)b 18.7 15.7 
∆G (cis-trans) 2.2 1.7 
∆G‡ (barrier) 18.0 15.4 












AB INITIO STUDY OF THE ROTATION AROUND THE  
CARBON-CARBON DOUBLE BOND OF OCH=CHX; 
X = BH2, C≡N, NO2, AND CH2 
Results, Discussion, and Conclusions 
In this chapter the results for the OCH=CHX system, where the electron 
acceptors X are BH2, C≡N, NO2, and CH2, are presented. The negative charge in an 
enolate anion is strongly delocalized onto the β-carbon resulting in the well-known 
carbon nucleophilicity of these species. 
Figure 5.1 shows possible resonance forms for the series OCH=CHX. The 
relative contributions of resonance forms XIII-XVIII can be related to the magnitude of 
the electronic push-pull effects. When X is an electron acceptor, the larger the push-pull 
effect, the larger the contribution from resonance forms XV in the trans form or XVIII in 
the cis form. A significant contribution from resonance forms XV or XVIII can manifest 
itself in three ways. Firstly, the C=C double bonds are expected to get longer and the C-O 
bonds and the C-X bonds are expected to get shorter. Secondly, the rotational barriers 
around the C=C double bond are expected to lower. Finally, the negative atomic charges 
on the X-groups are expected to be larger. 
176 
   
 
       
 




















































Resonance structures XIII-XV and XVI-XIII show the consequence of 
push-pull effects for the trans and cis forms, respectively 
Structures and labeling schemes for (Z)-2-boranyl-ethylenolate (23a), (E)-2-
boranyl-ethylenolate (23b), (Z)-2-cyanoethylenolate (24a), (E)-2-cyanoethylenolate 
(24b), (Z)-2-nitroethylenolate (25a), (E)-2-nitroethylenolate (25b), s-cis-2-propenal 
(26a), and s-trans-2-propenal (26b) are given in Figure 5.2.  
Optimized geometrical parameters, molecular point groups, dipole moments, and 
total energies for 23a,b-26a,b and TS 23-TS 26 calculated at the B3LYP/6-31++G(d,p) 
and MP2/6-311++G(d,p) levels of theory are summarized in Tables 5.1-5.12. The relative 
Gibbs energy (ΔGcis/trans) between cis and trans forms and the relative Gibbs energy 
(ΔG‡ROT) of rotational barriers calculated at the B3LYP/6-31++G(d,p) and MP2/6-
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311++G(d,p) levels of theory are summarized in Tables 5.13-5.14.  Merz-Singh-Kollman 
atomic charges calculated at B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels of 
theory are listed in Table 5.15-5.18. The electron isodensity surfaces of molecules 23a,b-
26a,b and TS 23-TS 26 were plotted using Molden. Electron isodensity surface plots at 
the MP2/6-311++G(d,p) level of theory are shown in Figures 5.4-5.7. 
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Structures and labeling schemes of molecules 23a,b-26a,b (The labeling system
of transition states (TS 23-TS 26) is consistent) 
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The structure and labeling scheme of the X-C(1)-C(2)-O dihedral angle (ω) in
transition states TS 23-TS 26 is shown in Figure 5.3. 
6 






Structure and labeling scheme of the X-C(1)-C(2)-O dihedral angle (ω) 
in transition states TS 23-TS 26
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Electron isodensity surfaces of OCH=CHBH2, 23a,b and Transition State 23 (TS 23)
at the MP2/6-311++G(d,p) level of theory 
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Electron isodensity surfaces of OCH=CHC≡N, 24a,b and Transition State 24 (TS 24)
at the MP2/6-311++G(d,p) level of theory
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Electron isodensity surfaces of OCH=CHNO2, 25a,b and Transition State 25 (TS 25)
at the MP2/6-311++G(d,p) level of theory
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Electron isodensity surfaces of O=CH−CH=CH2, 26a,b and Transition State 26 (TS 26)
at the MP2/6-311++G(d,p) level of theory
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The structures, rotational barriers, and charge distributions of push-pull systems 
23-26 were compared to model reference compounds. Structures and labeling schemes 
for vinyl borane (6), acrylonitrile (7), nitroethylene (8), prop-2-en-1-ylium cation (9), (Z)-
2-boranyl-sodium ethylenolate (27a), (E)-2-boranyl-sodium ethylenolate (27b), transition 
state of system 27, (1Z)-prop-1-en-1-olate (28a), and ethylenolate (29) are given in 
Figure 5.8. These molecules were used as references for bond lengths, energies, and/or 
electron isodensity surfaces in this chapter.  
The O group (electron donor) has been replaced by a hydrogen in 6-9 (see
details in chapter III). This is a model with electron “pull” but no “push”. Molecule 29
provides an electron donor ( O group) without an electron acceptor at the other end. 
Thus, the “pull” of electron density has been eliminated and only the “push” remains for 
comparison with 23-26. 
Molecule 27 is a salt form of molecule 23. Ethylene provides reference C=C bond 
length. The - CH2 group in 26a has been replaced by the -CH3 group in 28a. The 
purpose of 28a is reference electron isodensity surface of molecule 26a. 
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Optimized geometrical parameters, molecular point groups, dipole moments, 
and/or total energies for 27a,b, TS 27, 28a, and 29 calculated at the B3LYP/6-
31++G(d,p) and MP2/6-311++G(d,p) levels of theory are summarized in Tables 5.19-
5.24. The electron isodensity surfaces of 27a,b, TS 27, and 28a were plotted using 
Molden. Electron isodensity surface plots at the MP2/6-311++G(d,p) level of theory are 
shown in Figures 5.9-5.10. The relative Gibbs energy (ΔGcis/trans) between 27a (cis form) 
and 27b (trans form) and the relative Gibbs energy (ΔG‡ROT) of rotational barriers 
calculated at the B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels of theory are 
summarized in Table 4.25. 
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Structures and labeling schemes for 6-9, 27a,b, 28a, and 29 (The labeling system
for transition state (TS 27) is consistent) 
 






    
 











Electron isodensity surfaces of Na OCH=CHBH2, 27a,b and Transition State 27 
(TS 27) at the MP2/6-311++G(d,p) level of theory
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Electron isodensity surface of H3CCH=CHO , 28a 
at the MP2/6-311++G(d,p) level of theory 
Geometries of Molecules 
All molecules 23a,b-26a,b (cis and trans forms) are planar at both B3LYP/6-
31++G(d,p) and MP2/6-311++G(d,p) levels of theory. The dihedral angles for X(6)-C(1)-
C(2)-O(3) in the cis forms are 0°, while in the trans forms they are 180°. 
Bond Lengths 
Three types of bond lengths in the OCH=CHX system will be discussed and 
compared with reference molecules: (1) C(1)=C(2) double bond, (2) C(2)-O(3) bond, and 
(3) C(1)-X(6) bond. Differential bond lengths are calculated using Eq. 3-1 from chapter 
III. 
Three references for the C(1)=C(2) bond length were employed: (1) ethylene (see 
chapter III) is used as a reference to study combined electronic push-pull effects on the 
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C(1)=C(2) double bond length in each system; (2) molecules 6-9 (see chapter III) were 
used as references to study the electronic pushing effects on the C(1)=C(2) double bond 
length caused by the strong electron donor O. Finally, (3) molecule 29 was used as the 
reference molecule to study electronic pulling effects on the C(1)=C(2) double bond 
length caused by electron acceptors X [i.e. BH2, CN, NO2, and CH2]. Molecules 6-9 
were also used as references to evaluate the C(1)-X(6) bond lengths and molecule 29 for 
the C(2)-O(3) bond lengths. 
S-cis and S-trans-Propenal 
S-cis and s-trans- propenal were used to gauge the accuracy of calculations. 
Microwave spectroscopy provided bond lengths in s-cis-propenal for the C(1)-C(2) bond, 
C(2)=O(3) bond, and C(1)=C(6) bond of 1.478 Å, 1.215 Å, and 1.340 Å, respectively 
[21]. Similarly, in s-trans-propenal from the experiment, the C(1)-C(2) bond, C(2)=O(3) 
bond, and C(1)=C(6) bond are 1.468 Å, 1.214 Å, and 1.340 Å, respectively [21]. These 
experimental values are compared with calculated bond lengths of 26a and 26b. 

















 s-cis- propenal s-trans- propenal 
Figure 5.11 
Structures and labeling schemes of s-cis and s-trans- propenal 
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At the B3LYP/6-31++G(d,p) level of theory, the C(1)-C(2) bond of the s-cis 
rotational conformer of 2-propenal 26a is 0.007 Å longer than the experimentally 
determined value [21]. Likewise, the C(1)=C(2) double bond of the s-trans conformer 
26b is 0.006 Å longer than that determined by microwave spectroscopy [21].   
At the MP2 level, the C(1)-C(2) bond of s-cis conformation 26a is 0.011Å longer 
than that determined for 26a by microwave spectroscopy [21], while the C(1)-C(2) bond 
of the s-trans conformer 26b is 0.009 Å longer than the experimental value [21].  
Results from the B3LYP/6-31++G(d,p) level of theory indicate that the calculated 
C(1)-C(2) bonds in 26a,b (s-cis and s-trans forms) are not significantly different from 
those determined by microwave spectroscopy [21]. However, the MP2 result shows that 
the calculated C(1)-C(2) bond in 26a (s-cis form) is significantly longer than the 
experimental value [21]. The calculated C(1)-C(2) bond in 26b (s-trans form) is not 
significantly different from that determined by microwave spectroscopy [21]. 
At the B3LYP/6-31++G(d,p) level of theory, the calculated C(2)=O(3) bond of s-
cis conformation 26a is 0.004 Å longer than the experimentally determined value [21]. 
Similarly, the calculated C(2)=O(3) bond of the s-trans rotational conformer of 2-
propenal 26b is 0.004 Å longer than that determined by microwave spectroscopy [21].   
At the MP2 level, the calculated C(2)=O(3) bond of s-cis conformer 26a is 0.004 
Å longer than that determined for 26a by microwave spectroscopy [21]. The C(2)=O(3) 
bond of s-trans conformation 26b is 0.005 Å longer than the experimental value [21].  
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Results from both levels of theory indicate that the C(2)=O(3) bonds s-cis and s-
trans conformations 26a,b are not significantly different from those determined by 
microwave spectroscopy [21].  
At the B3LYP/6-31++G(d,p) level of theory, the calculated C(1)=C(6) bond of s-
cis and s-trans conformations 26a,b are equal to those determined by microwave 
spectroscopy [21]. 
At the MP2 level, the calculated C(1)=C(6) bond of the s-cis rotational conformer 
of 2-propenal 26a is 0.004 Å longer than the experimentally determined value [21]. 
Likewise, the calculated C(1)=C(6) bond of the s-trans conformer 26b is 0.005 Å longer 
than that determined by microwave spectroscopy [21].   
Results from both levels of theory suggest that the C(1)=C(6) bonds in s-cis and 
s-trans conformers 26a,b are slightly different from the experimental values [21]. 
C(1)=C(2) Double Bond 
At the B3LYP/6-31++G(d,p) level of theory, 23a,b-26a,b have C(1)=C(2) double 
bonds 0.098 Å, 0.093 Å, 0.075 Å, 0.074 Å, 0.082 Å, 0.079 Å, 0.151 Å, and 0.140 Å 
longer than the calculated C=C double bond of ethylene, respectively. The resonance 
hybrids XV and XVIII contribute to the structure of these molecules. 
When only the electron pull of BH2, C≡N, NO2, and CH2 are considered, C=C 
double bond lengths of the cis forms of 23-26 are 0.045 Å, 0.022 Å, 0.029 Å, and 0.098 
Å longer than the C=C double bond of reference molecule 29, respectively. Also the C=C 
double bond lengths of the trans forms of 23-26 are 0.040 Å, 0.021 Å, 0.026 Å, and 
0.087 Å longer, respectively than that in 29. 
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When only the electronic push of O is considered, C=C double bonds of the cis 
forms of 23-26 are 0.082 Å, 0.069 Å, 0.087 Å, and 0.100 Å longer than those in reference 
structures 6-9, respectively. Similarly, C=C double bonds of the trans forms of 23-26 are 
0.077 Å, 0.068 Å, 0.084 Å, and 0.089 Å longer than their references without O groups, 
6-9, respectively. 
These results prove that the electronic pushing effects are stronger than the 
electronic pulling effects for systems 23-26. 
At the MP2 level, molecules 23a,b-26a,b have C=C double bond lengths 0.099 Å, 
0.093 Å, 0.069 Å, 0.067 Å, 0.075 Å, 0.072 Å, 0.150 Å, and 0.138 Å longer than the 
calculated C=C double bond of ethylene, respectively.  
When only the electron pull of BH2, C≡N, NO2, and CH2 are considered, C=C 
double bond lengths of the cis forms of 23-26 are 0.048 Å, 0.018 Å, 0.024 Å, and 0.099 
Å longer than the C=C double bond of 29, respectively. The C=C double bond lengths of 
the trans forms of 23-26 are 0.042 Å, 0.016 Å, 0.021 Å, and 0.087 Å longer than that of 
29, respectively. 
When only the electronic push of O is considered, C=C double bonds of the cis 
forms of 23-26 are 0.083 Å, 0.064 Å, 0.082 Å, and 0.103 Å longer than those in 6-9, 
respectively, while in 23b-26b (trans forms) the C(1)=C(2) double bonds are 0.077 Å, 
0.062 Å, 0.079 Å, and 0.091 Å longer, respectively than those in 6-9. 
MP2 results indicate that the electron pushing effects are stronger than the 
electron pulling effects for cis and trans forms of molecules 23-26. This outcome is the 
same as those predicted by the DFT calculations. 
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Results from both levels of theory consistently reveal that the C=C double bonds 
for cis and trans forms of molecules 23-26 are significantly longer than the C=C double 
bond of ethylene and also significantly longer than the C=C double bond in reference 
molecules 6-9 and 29. In all cases, the bond length of the cis form is longer than the trans 
form of the same molecule. The push effect is stronger than the pull effect in cis and 
trans forms of 23-26. The push-pull electronic effect makes resonance structures XV and 
XVIII major contributors to the electronic structures of trans and cis forms of 23-26, 
respectively.
Electron acceptor strength is consistent across both levels of theory when ranked 
by the contribution to the push-pull electronic effects which lengthen the C(1)=C(2) bond 
lengths. For both cis and trans forms, CH2 is the strongest electron acceptor followed by 
BH2, NO2, and C≡N. 
C(2)-O(3) Bond 
At the B3LYP/6-31++G(d,p) level of theory, cis forms of molecules 23a-26a 
have C(2)-O(3) bonds 0.026 Å, 0.021 Å,  0.031 Å, and 0.055 Å shorter than the C(2)-
O(3) bond in 29, respectively. Likewise, trans forms of molecules 23b-26b have C(2)-
O(3) bonds 0.021 Å, 0.018 Å, 0.021 Å, and 0.056 Å shorter than that in reference 
molecule 29, respectively. 
At the MP2 level, cis molecules 23a-26a have C(2)-O(3) bonds 0.031 Å, 0.021 Å, 
0.027 Å, and 0.052 Å shorter than the C(2)-O(3) bond in molecule 29, respectively. The 
corresponding trans molecules 23b-26b have C(2)-O(3) bonds 0.022 Å, 0.016 Å, 0.019 
Å, and 0.052 Å shorter, respectively than that in 29. 
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These results suggest that C(2)-O(3) bonds for cis and trans molecules 23a,b-
26a,b are significantly shorter than that in reference 29. This is another indication that the 
push-pull electronic effect makes resonance structures XV and XVIII major contributors 
to the electronic structures of trans and cis forms of 23-26, respectively. 
Electron acceptor strengths can be ranked by their contribution to the push-pull 
effects which shorten the C(2)-O(3) bond lengths. At the B3LYP/6-31++G(d,p) level of 
theory, in the trans forms, CH2 is the strongest electron acceptor followed by BH2, NO2, 
and C≡N. In all cis forms at the B3LYP/6-31++G(d,p) level of theory, the strongest 
electron acceptor is CH2 followed by NO2, BH2, and C≡N. In the cis and trans forms at
the MP2/6-311++G(d,p) level of theory, the strongest electron acceptor is also CH2 
followed by BH2, NO2, and C≡N. 
C(1)-X(6) Bond 
At the B3LYP/6-31++G(d,p) level of theory, push-pull molecules 23a-26a (cis 
forms) have C-X bonds which are 0.056 Å, 0.023 Å, 0.075 Å, and 0.045 Å shorter than 
C-X bonds in the pull only molecules 6-9, respectively. The corresponding trans 
molecules 23b-26b have C-X bonds 0.061 Å, 0.025 Å, 0.081 Å, and 0.045 Å shorter than 
those in 6-9, respectively.  
At the MP2 level, cis molecules 23a-26a have C-X bonds 0.056 Å, 0.018 Å, 
0.066 Å, and 0.042 Å shorter than C-X bonds in reference molecules 6-9, respectively. 
Similarly, trans molecules 23b-26b have C-X bonds which are 0.060 Å, 0.020 Å, 0.071 
Å, and 0.041 Å shorter, respectively than those in 6-9. 
195 





In summary, these results suggest that the C-X bond lengths for cis and trans 
forms of molecules 23-26 are significantly shorter than C-X bond lengths in reference 
molecules 6-9, respectively. The push-pull electronic effect makes resonance structures 
XV and XVIII major contributors to the electronic structures of trans and cis forms of 
23-26, respectively. 
Relative Energies between Cis and Trans Forms 
Relative Gibbs energies (ΔGcis/trans) between the cis and trans forms of molecules 
23-26 are given in Tables 5.16-5.17. The results reveal that the trans forms are more 
stable than the cis forms for systems 23-26. 
These results are consistent with the abilities of the cis forms of molecules 23-26 
to incur significant electrostatic repulsions. The O(3) atoms in molecules 23a-26a (cis 
forms) carry negative charge. Additionally, H(7) in molecule 23a, N(7) in molecule 24a, 
and O(7) in molecule 25a also have negative charges (see details in Tables 5.15-5.18). 
Therefore, the electrostatic repulsion between negative atomic charges in the cis forms of 
each system makes the trans forms more stable. 
Also, even though the atomic charge of the H(7) atom in s-cis conformer of 2-
propenal 26a is positive, it does not form an intramolecular hydrogen bond with the O(3) 
atom. The distances between the O(3) atom and the H(7) atom in 26a (s-cis conformer) at 
B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels of theory are 2.628 Å and 2.597 
Å, respectively, which are short enough to form an intramolecular hydrogen bond [50]. 
Molecules 26a,b are neutral molecules since the s-trans conformation is favored more 
than the s-cis conformation due to steric hindrance found in the s-cis conformer. 
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Rotational Barriers about C(1)=C(2) Double Bond 
This section examines the total push-pull effect on the rotational barrier around 
the C=C double bond in the OCH=CHX system.  The rotational barrier between the cis
and trans forms involves breaking the π-bond of the C=C double bond as shown in 
Figure 5.12. As stated earlier, if resonance structures XV and XIII (Figure 5.1) are the 
major contributors to the electronic structure of this system, the rotational barriers in 23-
















 (Transition state systems) 
Figure 5.12 
The π-bond in cis-, trans- OCH=CHX and the perpendicular 
p-orbitals in the alkene transition states 
Two references for rotational barriers were used: (1) the experimental rotational 
barrier of 1,2-dideuteroethylene is 65.0 kcal/mol [6] and (2) the relative Gibbs energy 
(ΔG‡ROT) rotational barrier of ethylene from unrestricted calculations at B3LYP/6-
31++G(d,p) and MP2-6-311++G(d,p) levels of theory are 58.0 and 63.4 kcal/mol, 
respectively. 
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 The lower the C=C rotational barrier in molecules 23-26, the stronger the push-
pull effect. Data from both levels of theory (B3LYP/6-31++G(d,p) and MP2-6-
311++G(d,p)) indicate that the lowest rotational barriers occur in the CH2-substituted 
derivatives (8.3 and 7.3 kcal/mol, respectively). The second lowest barrier is calculated 
for the BH2-substituted derivative (20.7 and 18.5 kcal/mol, respectively for two levels of 
theory). The third lowest barrier is found in the NO2-substituted derivative (24.6 and 23.0 
kcal/mol, respectively for two levels of theory). Finally, the highest rotational barrier was 
predicted in the C≡N-substituted derivative (30.7 and 29.3 kcal/mol, respectively for two 
levels of theory). The push-pull electronic effect makes resonance structures XV and 
XVIII major contributors to the electronic structures of trans and cis forms of 23-26, 
respectively. 
The predicted order of electron acceptor strength is consistent across both levels 
of theory when using the reduction in rotational barriers as a criterion. Clearly, CH2 is 
the strongest electron acceptor followed by BH2, NO2, and C≡N. In fact, the rotational 
barriers for the CH2-substituted derivatives at both levels of theory are 8-9 times lower 
than the experimental rotational barrier of ethylene (65.0 kcal/mol) [6] and 7 and 9 times 
lower than calculation at B3LYP/6-31++G(d,p) and MP2-6-311++G(d,p) levels of 
theory, respectively. The weakest push-pull effect occurs with the C≡N acceptor where 
rotational barriers are only about 27-34 kcal/mol calculated for ethylene and 34-36 
kcal/mol lower than the experimental value of ethylene.   
Results from the Na OCH=CHBH2 system (27) indicate that rotational barriers 
of this system at B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels of theory are 10.1 
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and 8.9 kcal/mol, respectively, which are about 10-11 kcal/mol lower than the rotational 
barriers of the OCH=CHBH2 system (23). 
At this point, reasons for the difference in rotational barriers between the systems 
are proposed. The rotational barrier of the Na OCH=CHBH2 system (27) is lower than
that of the OCH=CHBH2 system (23). Actually, there are four observations to indicate 
the difference in rotational barriers between two systems. Firstly, systems 27 and 23 
contain the same electron donor and the same electron acceptor, but only system 27 
contains the sodium ion. Thus, this effect must come from that sodium ion. Secondly, 
data from both levels indicate that the atomic charges on the C(1) and O(3) atoms in TS 
27 are negative. However, negative charges on the C(1) and O(3) atoms in TS 27 are 
smaller than those in 27a,b. While the positive charge on the Na(9) atom in TS 27 is 
smaller than those in 27a,b. This effect must come from sharing electrons of Na(9) with 
C(1) and Na(9) with O(3) atoms. Finally, at the B3LYP/6-31++G(d,p) and MP2/6-
311++G(d,p) levels of theory, in molecule TS 27 the distances from the Na(9) atom to 
the C(1) are 2.451 Å and 2.500 Å, respectively. At both levels, in molecule TS 27 the 
distances from the Na(9) atom to the O(3) are 2.270 Å and 2.333 Å, respectively and 
these distances are longer than those in 27a,b. Data from both levels indicate that the 
Na(9) atom in TS 27 moved to get closer to C(1) atom. However, the distances from the 
Na(9) atom to the C(1) and to O(3) atoms in TS 27 are still short enough for sodium ion 
to stabilize the negative charges on  both the C(1) and to O(3) atoms in transition TS 27. 
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These results suggest that the positive charge on the Na(9) atom stabilizes the 
negative charge on both the C(1) and O(3) atoms in transition state TS 27 making 
transition state TS 27 more stable than TS 23. 
Two observations from data in this chapter should be mentioned. First, the order 
of electron acceptor strength ranked by the contribution to the reduction of the rotational 
barriers caused by the push-pull electronic effects on rotational barriers in this chapter is 
the same order as in chapters III and IV. Since all three series use the same electron 
acceptors, the explanations for electron acceptor strength contribution to the push-pull 
electronic effect on rotational barriers in this chapter can be explained similarly as in 
chapter III. Second, rotational barriers in chapter V are significantly lower than barriers 
in chapter III. The only difference between chapters V and III is the electron donor ( O 
group). Therefore, O must be a stronger electron donor than the -NH2 group in chapter 
III. 
Dipole Moment 
In push-pull systems, a significant charge separation may exist as shown in the 
resonance structures XV and XVIII in Figure 5.1. 
The dipole moment for the cis form of molecule 23a (X = BH2) at B3LYP/6-
31++G(d,p) and MP2/6-311++G(d,p) levels of theory is 2.207 D and 2.297 D, 
respectively. The corresponding trans molecule 23b has the dipole moment which is 
0.588 D and 0.811 D, respectively for two levels of theory.  
Results from calculations at B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) 
levels of theory are consistent. In the cis series, the dipole moments for molecules 23a-
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25a (X = BH2, C≡N, and NO2) are greater than those in their trans series, 23b-25b. 
However, dipole moments for trans molecule 26b (X = CH2) and trans molecule 27b 
(Na OCH=CHBH2) are greater than those for their cis molecules 26a and 27a, 
respectively. 
Curiously, dipole moments in this chapter are in reverse order compared to dipole 
moments in chapters III and IV.
Data from chapters III and IV show clearly that in molecular systems with no 
overall charge (neutral molecules), trans molecules have dipole moments which are 
greater than those in their cis forms. However, in charged systems, the cis species have 
dipole moments which are greater than those in their trans forms. 
For example, in chapter III the NH2CH=CHX system and in chapter IV the 
NH2C≡CCH=CHX system, dipole moments in trans forms of the BH2, C≡N, and NO2 
substituents are greater than those in their cis forms because these systems are neutral 
molecules. On the other hand, the dipole moments in the cis forms of the CH2 
substituents are greater than that in their trans forms because these systems are positively 
charged. In chapter V, the OCH=CHX system shows the negative charge, dipole 
moments in cis series of 23-25, are greater than those in their trans series. On the other 
hand, the dipole moment in the trans form of 26 (X = CH2) is greater than that in its cis
form, 26a. 
Atomic Charges Using the Merz–Singh–Kollman (MK) Scheme 
Atomic charges were calculated using the Merz–Singh–Kollman (MK) scheme.  
Atomic charge values from calculations of 23a,b-26a,b (X = BH2, C≡N, NO2, and CH2) 
201 
   
 
 
and TS 23-TS 26 at B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels of theory 
show atomic charges of C(1), C(2), O(3), and X(6) atoms being a partial negative charge, 
a partial positive charge, a partial negative charge, and a partial positive charge, 
respectively. For example, at the B3LYP/6-31++G(d,p) level of theory, cis molecule 23a 
has atomic charges of -0.74 e on C(1), 0.57 e on C(2), -0.66 e on O(3), and 0.35 e on 
B(8). 
In cis series, molecules 23a-26a at the B3LYP/6-31++G(d,p) level, atomic 
charges on C(1) atoms are -0.74 e, -1.11 e, -0.59 e, and -0.25 e, respectively. Similarly, in 
trans series, atomic charges on C(1) atoms of molecules 23b-26b are -0.78 e, -0.92 e, -
0.52 e, and -0.17 e, respectively. 
At the MP2 level, atomic charges on C(1) atoms in cis molecules 23a-26a are -
0.83 e, -1.18 e, -0.67 e, and -0.25 e respectively. In trans series, molecules 23b-26b have 
negative charges on C(1) atoms which are -0.82 e, -1.00 e, -0.57, and -0.17 e, 
respectively.
The push-pull electronic effect makes resonance structures XV and XVIII major
contributors to the electronic structures of trans and cis forms of 23-26, respectively. The 
smaller the negative charge on the C(1) atom in a system, the stronger the electron 
acceptor. The predicted order of electron acceptor strength is consistent across both levels 
of theory when using the reduction in partial negative charges on C(1) atoms caused by 
the push-pull electronic effects. For the cis and trans forms, CH2 is clearly the strongest 
electron acceptor followed by NO2, BH2, and C≡N. 
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Curiously, in 26a,b at both levels of theory, the atomic charge on the C(6) atoms 
in the CH2 group exhibit a partial negative charge. At this point, two facts are crucial to 
understanding why the C(6) atoms in the - CH2 group reveal a partial negative charge. 
First, an unhybridized 2p-orbital of the sp2 hybridized C(6) atom parallels to π-bond of 
C(1)=C(2) double bond and allows π-electrons from the double bond delocalize into the 
C(6) atom. Second, the - CH2 group has the strongest inductive and resonance effects 
which is the same as prediction by the rotational barriers. Thus, it strongly pulls electrons 
from the C(1) atom making the atomic charge on the C(6) atom more negative. 
In molecules TS 23-TS 26 at the B3LYP/6-31++G(d,p) level of theory, the
atomic charges on C(1) atoms are -0.93 e, -1.32 e, -0.73 e, and -0.26 e, respectively. 
At the MP2 level, the atomic charges on C(1) atoms in TS 23-TS 26 are -0.92 e, -
1.37 e, -0.83 e, and -0.25 e, respectively. 
The electron acceptor strength in transition states is consistent across both levels 
of theory and can be ranked by its contribution to the push-pull electronic effects which 
reduce the partial negative charges on C(1) atoms. The strongest electron acceptor is 
CH2 followed by NO2, BH2, and C≡N. 
Data from both levels of theory indicates that negative charges on C(1) atoms in 
transition state molecules TS 23-TS 26 are larger than those in their cis and trans 
molecules 23a,b-26a,b due to breaking the π-bond of the C=C double bond in transition 
state as shown in Figure 5.12. Clearly, transition state systems have significant charge 
separation. 
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The data also indicate that the stronger push-pull electronic effects on atomic 
charges of transition state systems are as follows. Firstly, the C(1) atom is less negatively 
charged. Secondly, the C(2) atom is less positively charged. Next, the O(3) atom is less 
negatively charged. Finally, the X(6) atom is less positively charged than those of the 
other three transition states. 
Studies of TS 26 at both levels of theory reveal that the C(6) atom in TS 26 has a 
partial negative charge. Two facts are crucial for understanding why the C(6) atom in TS 
26 shows the negative charge. Firstly, the π-bond of the C=C double bond in TS 26
breaks, causing the atomic charge on the C(1) atom to become more negative due to 
gaining two bonding electrons from the C(2) atom. Secondly, the negative charge on the 
C(1) atom can be stabilized by forming a π-bond with an unhybridized 2p-orbital of the 
C(6) atom. Clearly, the C(6) atom in TS 26 becomes negatively charged due to gaining 
electrons from the C(1) atom. 
Electron Density 
This section investigates the total push-pull electronic effect on electron densities 
of molecules 23a,b-26a,b (X = BH2, C≡N, NO2, and CH2) and TS 23-TS 26. The 
electron densities were calculated at the MP2/6-311++G(d,p) level of theory. The 
electron isodensity surface for every system in this chapter are also illustrated by contour 
maps in three dimensions. The green shading in the Figures 5.5-5.8 shows electron 
isodensity surfaces of 0.3 electrons per cubic Bohr radius plotted by Molden. If resonance 
structures XV and XVIII (Figure 5.1) are major contributors to the electronic structures 
of the trans and cis forms of 23-26, respectively, the electron density plots should show 
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low electron density between the C(1)=C(2) double bond and high electron density 
between the C(2)-O(3) and C(1)-X(6) bonds.  
The electron densities between the C(1)=C(2) double bonds of the cis and trans
forms of molecules 23-26 (X = BH2, C≡N, NO2, and CH2) are significantly low. Also, 
all cis and trans molecules 23a,b-26a,b show high electron density between the C(2)-
O(3) bonds. However, in Figure 5.7, cis and trans molecules 26a,b obviously show the 
electron density distribution between the C(1)-X(6) bond to be higher than those in cis 
and trans molecules 23a,b-25a,b in Figures 5.4-5.6, respectively. 
Electron density plots of both the cis and trans forms of molecule 27 
(Na OCH=CHBH2) show low electron density distribution between the C(1)=C(2) and 
C(1)-B(6) bonds and high electron density distribution between the C(2)-O(3) bond. 
These results agree with the electron density plots of cis and trans molecules 23a,b 
( OCH=CHBH2). 
Molecule 28a (cis- OCH=CHCH3) is the reference for the electron density of 
s-cis-2-propenal 26a. At B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels of theory, 
the C(1)=C(2) double bonds of 28a are 0.046 Å and 0.050 Å longer than the C=C double 
bond of ethylene, respectively. At B3LYP/6-31++G(d,p) and MP2/6-311++G(d,p) levels 
of theory, the C(1)=C(2) double bonds of s-cis-2-propenal 26a are 0.151 Å and 0.150 Å 
significantly longer than that in ethylene, respectively. The C=C double bond length in 
28a is longer than the C=C double bond of ethylene. Figure 5.11 reveals that there is high 
electron density between the C(1)=C(2) double bond and C(2)-O(3) bond in 28a because 
the negative charge in an enolate anion 28a is strongly delocalized onto the C(2) atom
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resulting in the negative charge on the C(2) atom. These results suggest that the 
C(1)=C(2) double bond in 28a has a partial double bond character compared to the C=C 
bond of 26a, which has a significant single bond character. Figure 5.11 also indicates that 
the electron density distribution between the C(1)-C(6) bond in 28a is significantly less
than that in 26a. These results suggest that the C(1)-C(6) bonds in 28a still reveals a 
single bond character compared to the C(1)-C(6) bond of 26a, which has a significant
double bond character. 
It is hard to predict the order of electron acceptor strength using the plotted 
electron density maps. The strongest electron acceptor is found in the CH2 substituent. 
This is the same outcome predicted in chapters III and IV. However, it is difficult to 
order of electron acceptor strength for the BH2, C≡N, and NO2-substituted derivatives by 
using the electron density maps. 
Electron isodensity surface plots shown in Figures 5.5-5.10 clearly reveal that the 
C(1)=C(2) bonds in transition states TS 23-TS 27 lose electron density because of the 
rotation around the C(1)=C(2) double bond when the π-bond of the double bond breaks 
(see details in Figure 5.12). 
A plotting error resulted in the lack of color shading in the contour lines around 
the C≡N in 24b (trans form) and around the C-O bond in TS 25 found in Figures 5.6 and 
5.7, respectively. The true contour lines are plotted and the shape of the volume can be 
seen even without the shading. 
Clearly, the electron densities between the C(1)=C(2) double bonds of the cis and 
trans forms of molecules 23-25 (X = BH2, C≡N, and NO2) are significantly lower than 
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those in cis and trans molecules 1-3 (in chapter III; X = BH2, C≡N, and NO2), 
respectively. At this point, reasons for the difference in the electron densities between the 
C(1)=C(2) double bonds between the systems are proposed. The molecular systems in 
chapter III (the NH2CH=CHX system; X = BH2, C≡N, and NO2) have no overall charge 
(neutral molecules). However, in chapter V, the OCH=CHX system (X = BH2, C≡N, 
and NO2) contains a negative charge. Since the systems in chapters III and V use the 
same electron acceptors (X = BH2, C≡N, and NO2), but they have the different electron
donors, these results indicate that the O donor in chapter V must be a stronger electron 
donor than the -NH2 group in chapter III. 
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Table 5.1 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (Z)- OCH=CHBH2 (23a) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.432 1.438 
C2-O3  1.248 1.240 
C1-B6  1.484 1.484 
Angles 
∠C2-C1-H5  111.5 112.1 
∠C2-C1-B6  128.2 127.1 
∠H5-C1-B6  120.3 120.9 
∠C1-C2-H4  113.7 113.7 
∠C1-C2-O3  130.2 129.8 
∠H4-C2-O3  116.1 116.6 
Dihedral Angles 
B6-C1-C2-O3  0.0 0.0 
C2-C1-B6-H7  0.0 0.0 
C2-C1-B6-H8  180.0 180.0 
Dipole Moments 2.207 2.297
Total Energies -178.7334091 -178.2330943 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.2 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (E)- OCH=CHBH2 (23b) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.427 1.432 
C2-O3  1.253 1.249 
C1-B6  1.479 1.480 
Angles 
∠C2-C1-H5  114.0 114.6 
∠C2-C1-B6  122.8 121.4 
∠H5-C1-B6  123.2 124.0 
∠C1-C2-H4  113.9 113.4 
∠C1-C2-O3  128.7 128.7 
∠H4-C2-O3  117.4 118.0 
Dihedral Angles 
B6-C1-C2-O3  180.0 180.0 
C2-C1-B6-H7  0.0 0.0 
C2-C1-B6-H8  180.0 180.0 
Dipole Moments 0.588 0.811
Total Energies -178.7422171 -178.2428155 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.3 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 2-Boranyl-ethylenolate (TS 23) at 
Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, transition state C1, transition state 
Distances 
C1-C2  1.469 1.473 
C2-O3  1.232 1.232 
C1-B6  1.464 1.466 
Angles 
∠C2-C1-H5  112.4 113.5 
∠C2-C1-B6  125.5 123.6 
∠H5-C1-B6  122.0 122.8 
∠C1-C2-H4  116.4 116.5 
∠C1-C2-O3  128.3 127.6 
∠H4-C2-O3  115.4 115.9 
Dihedral Angles 
B6-C1-C2-O3  92.5 92.6 
C2-C1-B6-H7  -1.1 -1.2 
C2-C1-B6-H8  178.6 178.6 
Dipole Moments 3.373 3.621
Total Energies -178.707051 -178.2115171 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.4 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (Z)- OCH=CHC≡N (24a) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.409 1.408 
C2-O3  1.253 1.250 
C1-C6  1.407 1.412 
Angles 
∠C2-C1-H5  118.1 118.9 
∠C2-C1-C6  125.0 123.4 
∠H5-C1-C6  116.9 117.7 
∠C1-C2-H4  112.0 111.9 
∠C1-C2-O3  130.1 129.8 
∠H4-C2-O3  118.0 118.4 
Dihedral Angles 
C6-C1-C2-O3  0.0 0.0 
C2-C1-C6-N7  180.0 180.0 
Dipole Moments 3.420 3.164
Total Energies -245.5417248 -244.9306245 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.5 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (E)- OCH=CHC≡N (24b) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.408 1.406 
C2-O3  1.256 1.255 
C1-C6  1.405 1.410 
Angles 
∠C2-C1-H5  119.6 120.2 
∠C2-C1-C6  122.3 121.2 
∠H5-C1-C6  118.2 118.7 
∠C1-C2-H4  114.1 113.5 
∠C1-C2-O3  127.7 127.9 
∠H4-C2-O3  118.2 118.6 
Dihedral Angles 
C6-C1-C2-O3  180.0 180.0 
C2-C1-C6-N7  180.0 180.0 
Dipole Moments 0.450 0.395
Total Energies -245.5452113 -244.933501 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.6 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 2-Cyanoethylenolate (TS 24) at 
Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, transition state C1, transition state 
Distances 
C1-C2  1.483 1.486 
C2-O3  1.225 1.226 
C1-C6  1.394 1.407 
Angles 
∠C2-C1-H5  113.0 111.5 
∠C2-C1-C6  117.5 113.5 
∠H5-C1-C6  115.5 112.9 
∠C1-C2-H4  117.4 117.2 
∠C1-C2-O3  127.3 126.9 
∠H4-C2-O3  115.3 115.9 
Dihedral Angles 
C6-C1-C2-O3  110.6 114.5 
C2-C1-C6-N7  -95.1 -94.7 
Dipole Moments 3.821 3.608
Total Energies -245.4938128 -244.8851628 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.7 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (Z)- OCH=CHNO2 (25a) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.416 1.414 
C2-O3  1.243 1.244 
C1-N6  1.385 1.394 
Angles 
∠C2-C1-H5  119.3 119.9 
∠C2-C1-N6  127.7 126.9 
∠H5-C1-N6  113.0 113.2 
∠C1-C2-H4  109.3 109.2 
∠C1-C2-O3  132.5 132.2 
∠H4-C2-O3  118.2 118.6 
Dihedral Angles 
N6-C1-C2-O3  0.0 0.0 
C2-C1-N6-O7  0.0 0.0 
C2-C1-N6-O8  180.0 180.0 
Dipole Moments 2.989 2.687
Total Energies -357.8138412 -357.0031198 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.8 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (E)- OCH=CHNO2 (25b) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.413 1.411 
C2-O3  1.253 1.252 
C1-N6  1.379 1.389 
Angles 
∠C2-C1-H5  122.5 122.9 
∠C2-C1-N6  122.8 122.6 
∠H5-C1-N6  114.7 114.5 
∠C1-C2-H4  115.1 114.9 
∠C1-C2-O3  125.2 125.2 
∠H4-C2-O3  119.7 119.9 
Dihedral Angles 
N6-C1-C2-O3  180.0 180.0 
C2-C1-N6-O7  0.0 0.0 
C2-C1-N6-O8  180.0 180.0 
Dipole Moments 0.113 0.076
Total Energies -357.8238650 -357.0110823 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.9 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 2-Nitroethylenolate (TS 25) at Different
Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, transition state C1, transition state 
Distances 
C1-C2  1.482 1.481 
C2-O3  1.222 1.223 
C1-N6  1.344 1.365 
Angles 
∠C2-C1-H5  120.9 120.0 
∠C2-C1-N6  118.8 116.2 
∠H5-C1-N6  117.1 117.5 
∠C1-C2-H4  116.0 115.8 
∠C1-C2-O3  126.9 126.7 
∠H4-C2-O3  117.1 117.5 
Dihedral Angles 
N6-C1-C2-O3  -93.3 -96.6 
C2-C1-N6-O7  7.3 14.6 
C2-C1-N6-O8  -172.1 -166.0 
Dipole Moments 4.060 3.899
Total Energies -357.7825927 -356.9732828 
a The labeling scheme of atoms is given in Figure 5.2. 
216 




































Table 5.10 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of S-cis-O=CH-CH=CH2 (26a) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.485 1.489 
C2-O3  1.219 1.219 
C1-C6  1.340 1.344 
Angles 
∠C2-C1-H5  116.5 117.3 
∠C2-C1-C6  122.2 121.5 
∠H5-C1-C6  121.3 121.3 
∠C1-C2-H4  115.3 115.5 
∠C1-C2-O3  124.7 124.2 
∠H4-C2-O3  120.0 120.4 
Dihedral Angles 
C6-C1-C2-O3  0.0 0.0 
C2-C1-C6-H7  0.0 0.0 
C2-C1-C6-H8  180.0 180.0 
Dipole Moments 2.924 2.635
Total Energies -191.9265626 -191.4237963 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.11 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of S-trans-O=CH-CH=CH2 (26b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.474 1.477 
C2-O3  1.218 1.219 
C1-C6  1.340 1.345 
Angles 
∠C2-C1-H5  116.6 117.2 
∠C2-C1-C6  121.0 120.4 
∠H5-C1-C6  122.4 122.5 
∠C1-C2-H4  115.1 114.9 
∠C1-C2-O3  124.2 124.1 
∠H4-C2-O3  120.7 121.1 
Dihedral Angles 
C6-C1-C2-O3  180.0 180.0 
C2-C1-C6-H7  0.0 0.0 
C2-C1-C6-H8  180.0 180.0 
Dipole Moments 3.510 3.183
Total Energies -191.9299887 -191.4273178 
a The labeling scheme of atoms is given in Figure 5.2. 
218 
   



































Table 5.12 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 2-Propenal (TS 26) at Different Levels 
of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, transition state C1, transition state 
Distances 
C1-C2  1.499 1.498 
C2-O3  1.214 1.217 
C1-C6  1.334 1.340 
Angles 
∠C2-C1-H5  115.4 116.7 
∠C2-C1-C6  123.6 122.2 
∠H5-C1-C6  121.0 121.1 
∠C1-C2-H4  116.1 116.3 
∠C1-C2-O3  123.8 123.3 
∠H4-C2-O3  120.1 120.4 
Dihedral Angles 
C6-C1-C2-O3  -92.3 -92.0 
C2-C1-C6-H7  0.1 -0.1 
C2-C1-C6-H8  179.4 179.3 
Dipole Moments 2.794 2.603
Total Energies -191.9159947 -191.4152311 
a The labeling scheme of atoms is given in Figure 5.2. 
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Table 5.13 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the Series OCH=CHX Calculated at the B3LYP/6-31++G(d,p) Level 
of Theory 
220 
OCH=CHX X = BH2 X = CN X = NO2 X = CH2 
Cis 
Total Energy -178.7334091 -245.5417248 -357.8138412 -191.9265626 
Trans 
Total Energy -178.7422171 -245.5452113 -357.8238650 -191.9299887 
Transition State 
Total Energy -178.707051 -245.4938128 -357.7825927 -191.9159947 
∆E (cis-trans)a 5.5 2.2 6.3 2.1 
∆E‡ (barrier)b 22.1 32.3 25.9 8.8 
∆G (cis-trans) 5.2 2.1 6.0 2.0 
∆G‡ (barrier) 20.7 30.7 24.6 8.3 
a Ecis−Etrans a positive number means that the trans form is more stable. b Etransition 
state−Etrans
Table 5.14 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the Series OCH=CHX Calculated at the MP2/6-311++G(d,p) Level 
of Theory 
OCH=CHX X = BH2 X = CN X = NO2 X= CH2 
Cis 
Total Energy -178.2330943 -244.9306245 -357.0031198 -191.4237963 
Trans 
Total Energy -178.2428155 -244.933501 -357.0110823 -191.4273178 
Transition State 
Total Energy -178.2115171 -244.8851628 -356.9732828 -191.4152311 
∆E (cis-trans)a 6.1 1.8 5.0 2.2 
∆E‡ (barrier)b 19.6 30.3 23.7 7.6 
∆G (cis-trans) 5.5 1.6 4.8 1.8 
∆G‡ (barrier) 18.5 29.3 23.0 7.3 
a Ecis−Etrans a positive number means that the trans form is more stable. b Etransition 
state−Etrans
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Table 5.15 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (Z)-
OCH=CHBH2 (23a), (E)- OCH=CHBH2 (23b), and Transition State of 
2-Boranyl-ethylenolate (TS 23) at Different Levels of Theoryb 
Method System MK 
C1  C2  O3 B6 
B3LYP/6-31++G(d,p) 23a -0.74 0.57 -0.66 0.35 
MP2/6-311++G(d,p) 23a -0.83 0.61 -0.64 0.31
B3LYP/6-31++G(d,p) 23b -0.78 0.63 -0.73 0.23 
MP2/6-311++G(d,p) 23b -0.82 0.63 -0.70 0.19
B3LYP/6-31++G(d,p) TS 23 -0.93 0.98 -0.71 0.11 
MP2/6-311++G(d,p) TS 23 -0.92 0.92 -0.66 0.05
a The labeling scheme of atoms is given in Figure 5.2. b Atomic charge in units of 
e. 
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Table 5.16 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (Z)-
OCH=CHC≡N (24a), (E)- OCH=CHC≡N (24b), and Transition 
State of 2-Cyanoethylenolate (TS 24) at Different Levels of Theoryb 
Method System MK 
C1  C2  O3  C6  N7 
B3LYP/6-31++G(d,p) 24a -1.11 0.74 -0.73 0.81 -0.80 
MP2/6-311++G(d,p) 24a -1.18 0.73 -0.72 0.81 -0.76
B3LYP/6-31++G(d,p) 24b -0.92 0.65 -0.74 0.59 -0.75 
MP2/6-311++G(d,p) 24b -1.00 0.65 -0.72 0.60 -0.72
B3LYP/6-31++G(d,p) TS 24 -1.32 1.06 -0.68 0.77 -0.87 
MP2/6-311++G(d,p) TS 24 -1.37 1.05 -0.64 0.75 -0.82
a The labeling scheme of atoms is given in Figure 5.2. b Atomic charge in units of 
e. 
222 




           
       
        
          
            
    
            
    



























Table 5.17 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in (Z)-
OCH=CHNO2 (25a), (E)- OCH=CHNO2 (25b), and Transition State of 
2-Nitroethylenolate (TS 25) at Different Levels of Theoryb 
Method System MK 
C1  C2  O3  N6  O7  O8 
B3LYP/6-31++G(d,p) 25a -0.59 0.50 -0.61 0.90 -0.57 -0.67 
MP2/6-311++G(d,p) 25a -0.67 0.48 -0.59 0.94 -0.56 -0.67
B3LYP/6-31++G(d,p) 25b -0.52 0.51 -0.68 0.76 -0.60 -0.61 
MP2/6-311++G(d,p) 25b -0.57 0.48 -0.65 0.79 -0.59 -0.61
B3LYP/6-31++G(d,p) TS 25 -0.73 0.78 -0.60 0.85 -0.66 -0.69 
MP2/6-311++G(d,p) TS 25 -0.83 0.81 -0.58 0.91 -0.66 -0.69
a The labeling scheme of atoms is given in Figure 5.2. b Atomic charge in units of 
e. 
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Table 5.18 The Merz-Singh-Kollman Scheme Partial Atomic Chargesa in 
S-cis-O=CH-CH=CH2 (26a), S-trans-O=CH-CH=CH2 (26b), and 
Transition State of 2-Propenal (TS 26) at Different Levels of Theoryb 
Method System MK 
C1  C2  O3 C6 
B3LYP/6-31++G(d,p) 26a -0.25 0.53 -0.48 -0.21 
MP2/6-311++G(d,p) 26a -0.25 0.53 -0.45 -0.25
B3LYP/6-31++G(d,p) 26b -0.17 0.48 -0.48 -0.34 
MP2/6-311++G(d,p) 26b -0.17 0.48 -0.46 -0.38
B3LYP/6-31++G(d,p) TS 26 -0.26 0.63 -0.48 -0.35 
MP2/6-311++G(d,p) TS 26 -0.25 0.60 -0.45 -0.38
a The labeling scheme of atoms is given in Figure 5.2. b Atomic charge in units of 
e. 
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Table 5.19 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (Z)-Na OCH=CHBH2 (27a) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.424 1.435 
C2-O3  1.268 1.259 
C1-B6  1.485 1.486 
O3-Na9  2.129 2.209 
Angles 
∠C2-C1-H5  111.9 112.4 
∠C2-C1-B6  130.6 127.8 
∠H5-C1-B6  117.1 118.4 
∠C1-C2-H4  116.1 116.0 
∠C1-C2-O3  128.2 127.7 
∠H4-C2-O3  115.6 116.3 
Dihedral Angles 
B6-C1-C2-O3  -17.6 -26.9 
C2-C1-B6-H7  3.2 8.7 
C2-C1-B6-H8  -175.7 -171.6 
Dipole Moments 5.790 6.061 
Total Energies -341.028461 -340.106370 
a The labeling scheme of atoms is given in Figure 5.8. 
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Table 5.20 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (E)-Na OCH=CHBH2 (27b) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.414 1.420 
C2-O3  1.275 1.269 
C1-B6  1.495 1.496 
O3-Na9  2.153 2.220 
Angles 
∠C2-C1-H5  115.6 115.8 
∠C2-C1-B6  123.3 121.9 
∠H5-C1-B6  120.8 122.1 
∠C1-C2-H4  116.2 115.7 
∠C1-C2-O3  126.5 126.5 
∠H4-C2-O3  117.3 117.7 
Dihedral Angles 
B6-C1-C2-O3  169.9 169.0 
C2-C1-B6-H7  0.1 0.3 
C2-C1-B6-H8  -178.9 -178.5 
Dipole Moments 7.813 8.152
Total Energies -341.020616 -340.0994579 
a The labeling scheme of atoms is given in Figure 5.8. 
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Table 5.21 The Optimized Geometrical Parametersa (Bond Lengths in Å and Bond 
Angles in Degrees), Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 2-Boranyl-sodium Ethylenolate (TS 27)
at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, transition state C1, transition state 
Distances 
C1-C2  1.469 1.472 
C2-O3  1.244 1.243 
C1-B6  1.476 1.475 
O3-Na9  2.270 2.333 
Angles 
∠C2-C1-H5  113.5 114.2 
∠C2-C1-B6  123.5 122.0 
∠H5-C1-B6  122.8 123.7 
∠C1-C2-H4  119.2 118.9 
∠C1-C2-O3  124.5 124.5 
∠H4-C2-O3  116.3 116.6 
Dihedral Angles 
B6-C1-C2-O3  101.3 101.9 
C2-C1-B6-H7  -2.5 -1.3 
C2-C1-B6-H8  -178.6 -177.5 
Dipole Moments 5.807 6.451 
Total Energies -341.0032229 -340.0840090 
a The labeling scheme of atoms is given in Figure 5.8. 
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Table 5.22 Merz-Singh-Kollman Scheme Partial Atomic Chargesa in 
(Z)-Na OCH=CHBH2 (27a), (E)-Na OCH=CHBH2 (27b), and 
Transition State of 2-Boranyl-sodium Ethylenolate (TS 27) at Different
Levels of Theoryb 
Method System MK 
C1  C2  O3  B6 Na9 
B3LYP/6-31++G(d,p) 27a -0.91 0.58 -0.70 0.38 0.82 
MP2/6-311++G(d,p) 27a -1.03 0.66 -0.66 0.40 0.81
B3LYP/6-31++G(d,p) 27b -0.82 0.52 -0.71 0.31 0.81 
MP2/6-311++G(d,p) 27b -0.81 0.51 -0.68 0.25 0.82
B3LYP/6-31++G(d,p) TS 27 -0.80 0.69 -0.63 0.16 0.75 
MP2/6-311++G(d,p) TS 27 -0.78 0.67 -0.60 0.11 0.78
a The labeling scheme of atoms is given in Figure 5.8. b Atomic charge in units of 
e. 
Table 5.23 The Optimized Geometrical Parametera (Bond Lengths in Å) and Dipole 
Moments (in Debyes) of  (Z)- OCH=CHCH3 (28a) at Different Levels of 
Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
C1, minimum C1, minimum 
Distances 
C1-C2  1.386 1.390 
C2-O3  1.279 1.277 
C1-C6  1.506 1.505 
Dipole Moments 3.105 3.157
a The labeling scheme of atoms is given in Figure 5.8.
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Table 5.24 The Optimized Geometrical Parametera (Bond Lengths in Å) and Dipole 
Moments (in Debyes) of OCH=CH2 (29) at Different Levels of Theory 
B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cs, minimum Cs, minimum 
Distances 
C1-C2  1.387 1.390 
C2-O3  1.274 1.271 
Dipole Moments 1.535 1.591
a The labeling scheme of atoms is given in Figure 5.8.
Table 5.25 Total Energies at 298.15 K in Hartrees and Relative Energies in kcal/mole 
for the  Na OCH=CHBH2 System (27) Calculated at Different Levels 
of Theory 
NaOCH=CHBH2 B3LYP/6-31++G(d,p) MP2/6-311++G(d,p) 
Cis 
Total Energy -341.028461 -340.106370 
Trans 
Total Energy -341.020616 -340.0994579 
Transition State 
Total Energy -341.0032229 -340.084009 
∆E (cis-trans)a -4.9 -4.3 
∆E‡ (barrier)b 10.9 9.7 
∆G (cis-trans) -4.9 -4.0 
∆G‡ (barrier) 10.1 8.9 











AB INITIO STUDY OF THE SOLVENT EFFECT ON 
CARBON-CARBON DOUBLE BOND ROTATION IN NH2CH=CHX;  
X = BH2, C≡N, NO2, AND CH2 
Results, Discussion, and Conclusions 
The results of an ab initio study using three different solvation models (COSMO, 
PCM, and SMA models) with two different solvents (water or dichloromethane) are 
presented in this chapter. These results were used to investigate the solvent effect on the 
rotational barriers about the carbon-carbon double bond in NH2CH=CHX (X is the 
electron acceptor BH2, C≡N, NO2, or CH2). 
The magnitude of the solvent effects on the push-pull system can be rationalized 
by the relative stabilization of the transition states for the C=C double bond rotation in 
Figure 6.1. The larger the solvent effect on the push-pull system, the more stable the 
transition states. If the transition state in the push-pull ethylene has significant charge 
separation as shown in Figure 6.1 polar solvents should stabilize charges in that transition 
state. A significant stabilization of the transition states with polar solvents should lower 
the rotational barriers compared to both calculated ethylene and the gas-phase system in 
chapter III. 
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 (Transition state systems) 
Figure 6.1 
The π-bond in cis, trans NH2CH=CHX and the perpendicular 
p-orbitals in the alkene transition states 
Structures and labeling schemes for (Z)-2-boranyl-vinyl amine (1a), (E)-2-
boranyl-vinyl amine (1b), (2Z)-3-aminoacrylonitrile (2a), (2E)-3-aminoacrylonitrile (2b), 
(Z)-2-nitroethylenamine (3a), (E)-2-nitroethylenamine (3b), (2Z)-3-aminoprop-2-en-1-
ylium cation (4a), and (2E)-3-aminoprop-2-en-1-ylium cation (4b) are given in Figure 
6.2. 
The optimized geometries of cis, trans-molecules 1a,b-4a,b and transition state 
structures TS 1-TS 4 from chapter III were used as the starting point for studying the 
solvent effects on the rotational barrier around the C=C double bond in the NH2CH=CHX 
system using COSMO and PCM solvation models. Thus, molecules 1a,b-4a,b are given 
in Figure 6.2, which is the same as Figure 3.2 in chapter III. COSMO and PCM solvation 
models were used to study these molecules. They were calculated at the B3LYP/6-
31++G(d,p) level of theory. 
Optimized geometrical parameters, molecular point groups, dipole moments, and 
total energies for 1a,b-4a,b and TS 1-TS 4 employing the COSMO and PCM solvation 
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models with water or dichloromethane as a solvent are summarized in Tables 6.1-6.24. 
The relative rotational barriers (ΔE‡ROT) of systems 1-4 of both COSMO and PCM 
solvation models calculated at the B3LYP/6-31++G(d,p) level of theory are summarized 
in Tables 6.25-6.26. 
Structures and labeling schemes for (Z)-2-boranyl-vinylamine hydrate (30a), (E)-
2-boranyl-vinylamine hydrate (30b), (2Z)-3-aminoacrylonitrile hydrate (31a), (2E)-3-
aminoacrylonitrile hydrate (31b), (Z)-2-nitroethylenamine hydrate (32a), (E)-2-
nitroethylenamine hydrate (32b), (2Z)-3-aminoprop-2-en-1-ylium cation hydrate (33a), 
(2E)-3-aminoprop-2-en-1-ylium cation hydrate (33b), (Z)-2-boranyl-vinylamine 
dichloromethane (34a), (E)-2-boranyl-vinylamine dichloromethane (34b), (2Z)-3-
aminoacrylonitrile dichloromethane (35a), (2E)-3-aminoacrylonitrile dichloromethane 
(35b), (Z)-2-nitroethylenamine dichloromethane (36a), (E)-2-nitroethylenamine 
dichloromethane (36b), (2Z)-3-aminoprop-2-en-1-ylium cation dichloromethane (37a), 
and (2E)-3-aminoprop-2-en-1-ylium cation dichloromethane (37b) are given in Figures 
6.4-6.5. These are solvation complexes between two molecules. One molecule is the 
solute and the other one is the solvent. In this study, only a single molecule of solvent 
was used for the SMA model. Thus, the solvation complexes 30-37 were used to 
represent systems of the SMA solvation model. Solvation complexes 30-37 were 
calculated at the B3LYP/6-31++G(d,p) level of theory.  
The solvation complexes 30a,b-37a,b (cis and trans forms) and TS 30-TS 37
(transition states of solvation complexes) were used as starting points for studying the 
solvent effects on the carbon-carbon double bond rotation in NH2CH=CHX by the SMA 
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solvation model. Solvation complexes 30a,b-33a,b were generated by solvating 
molecules 1a,b-4a,b with a single molecule of water. Similarly, the solvation complexes 
34a,b-37a,b were generated by solvating molecules 1a,b-4a,b with a single molecule of 
dichloromethane. There are many types of interactions between a solute and solvent. 
Intermolecular hydrogen bonding is usually the strongest interaction and affects the 
solvation energy more than the others. This study locates a single solvent molecule (i.e. 
water or dichloromethane) close to the NH2 in systems 1-4. A chlorine atom in 
dichloromethane or an oxygen atom in water formed the intermolecular hydrogen bonds 
with the H(4) atom of the -NH2 (amino) group in systems 1-4. Solvation complexes 
30a,b-37a,b are given in Figures 6.4-6.5. They were calculated at the B3LYP/6-
31++G(d,p) level of theory. 
Optimized geometrical parameters, molecular point groups, dipole moments, and 
total energies for solvation complexes 30a,b-37a,b and TS 30-TS 37 are summarized in 
Tables 6.1-6.24. The relative rotational barriers (ΔE‡ROT) of solvation complexes 30-37
calculated at the B3LYP/6-31++G(d,p) level of theory employing the SMA solvation 
model are summarized in Tables 6.25-6.26. 
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Structures and labeling schemes for molecules 1a,b-4a,b (The labeling system
of transition states (TS 1-TS 4) is consistent) 
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The structure and labeling scheme of the X-C(1)-C(2)-N dihedral angle (ω) in
transition states TS 1-TS 4 (X = BH2, C≡N, NO2, and CH2) is shown in Figure 6.3 
which is similar to Figure 3.4 in chapter III. 
8 








Structure and labeling scheme of the X-C(1)-C(2)-N dihedral angle (ω) 
in transition states TS 1-TS 4
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Structures and labeling schemes of solvation complexes 30a,b-33a,b (The labeling 
system of transition states (TS 30-TS 33) is consistent) 
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The structure and labeling schemes of the X-C(1)-C(2)-N dihedral angle (ω) in
the transition states of solvation complexes TS 30-TS 33 and TS 34-TS 37 are shown in 
Figure 6.6. 
Figure 6.6 
Structure and labeling schemes of the dihedral angle (ω) in transition states 
of solvation complexes TS 30-TS 33 and TS 34-TS 37
The rotational barriers of push-pull electronic systems 1-4 (using the COSMO and 
PCM solvation models) and of solvation complexes 30-37 (utilizing the SMA solvation 
model) were compared to model reference compounds. The experimental and calculated 
rotational barriers (ΔE‡ROT) of ethylene were used as references. For the gas phase 
comparisons, the rotational barriers (ΔE‡ROT) of systems 1-4 from chapter III were used 
as references.  
Three references for rotational barriers are used: (1) the experimental rotational 
barrier of 1,2-dideuteroethylene is 65.0 kcal/mol [6], (2) the relative rotational barrier 
(ΔE‡ROT) of ethylene from the unrestricted calculation in the gas phase system at the 
B3LYP/6-31++G(d,p) level of theory, which is 62.6 kcal/mol, and (3) the relative 
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rotational barriers (ΔE‡ROT) for the gas phase series NH2CH=CHX from chapter III were 
calculated at the B3LYP/6-31++G(d,p) level of theory. In Table 6.25 data indicate that at 
the B3LYP/6-31++G(d,p) level of theory the C=C rotational barrier (ΔE‡ROT) in the gas 
phase system of trans molecule 1b (X = BH2) versus TS 1 (the transition state) is 36.1 
kcal/mol. The corresponding barriers (ΔE‡ROT) for systems 2-4 (X = C≡N, NO2, and 
CH2) are 50.0, 39.4, and 13.1 kcal/mol, respectively in the gas phase system. 
Rotational Barriers in Water 
The rotational barrier about a carbon-carbon double bond of trans molecule 1b (X 
= BH2) versus TS 1 (the transition state) calculated at the B3LYP/6-31++G(d,p) level of 
theory with the COSMO model, using water as solvent, is 27.4 kcal/mol. The C=C 
rotational barrier is calculated for trans molecule 2b (X = C≡N) versus TS 2 with the 
COSMO model, using water as solvent, to be 37.8 kcal/mol. With the COSMO model, 
using water as solvent, the rotational barrier was predicted in trans molecule 3b (X = 
NO2) versus TS 3 to be 26.9 kcal/mol. The C=C rotational barrier of trans molecule 4b 
(X = CH2) versus TS 4 with the COSMO model, using water as solvent, is 10.7 
kcal/mol. 
The C=C rotational barrier of trans molecule 1b (X = BH2) versus TS 1 (the 
transition state) calculated at the B3LYP/6-31++G(d,p) level of theory with the PCM 
model, using water as solvent, is 31.6 kcal/mol. The rotational barrier is calculated for 
trans molecule 2b (X = C≡N) versus TS 2 with the PCM model, using water as solvent, 
to be 38.5 kcal/mol. With the PCM model, using water as solvent, the rotational barrier 
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was predicted in trans molecule 3b (X = NO2) versus TS 3 to be 28.6 kcal/mol. The C=C 
rotational barrier of trans molecule 4b (X = CH2) versus TS 4 with the PCM model, 
using water as solvent, is 11.6 kcal/mol. 
The C=C rotational barrier of the trans form of solvation complex 30b (X = BH2) 
versus TS 30 (the transition state) calculated at the B3LYP/6-31++G(d,p) level of theory, 
using the SMA model with a single water molecule, is 34.2 kcal/mol. The C=C rotational 
barrier is calculated for the trans form of solvation complex 31b (X = C≡N) versus TS 
31, using the SMA model with a single water molecule, to be 47.4 kcal/mol. Using the 
SMA model with a single water molecule, the rotational barrier was predicted in the trans 
form of solvation complex 32b (X = NO2) versus TS 32 to be 37.6 kcal/mol. The C=C 
rotational barrier of the trans form of solvation complex 33b (X = CH2) versus TS 33, 
using the SMA model with a single water molecule as solvent, is 11.7 kcal/mol. 
In summary, the order of the rotational barrier for COSMO and PCM models with 
H2O is CH2 < NO2 < BH2 < C≡N. However, the rotational barrier orders for the SMA 
model with H2O are CH2 < BH2 < NO2 < C≡N. Results suggested that the order of 
electron withdrawal for COSMO and PCM models with H2O is CH2 > NO2 > BH2 > 
C≡N. However, the order of electron withdrawal for the SMA model with H2O is CH2 > 
BH2 > NO2 > C≡N. 
The strongest and weakest electron acceptors are consistent among all three 
solvation models (COSMO, PCM, and SMA) using water as solvent at the B3LYP/6-
31++G(d,p) level of theory. The strongest electron acceptor is CH2 and the weakest one 
is C≡N. 
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Rotational Barriers in Water versus Ethylene 
The C=C rotational barriers of the CH2-substituted derivatives for all three 
solvation models using water at the B3LYP/6-31++G(d,p) level of theory are only one-
sixth the experimental rotational barrier of ethylene (65.0 kcal/mol) [6] and one-fifth to 
one-sixth that of ethylene calculated at the same level of theory (62.6 kcal/mol). 
However, in the gas-phase system, the barrier of 4 (X = CH2) in chapter III is about 
one-fifth that of the experimental and calculated barriers of ethylene. The rotational 
barrier for all three solvation models for the C≡N-substituted derivative is about one-half 
that of the experimental and calculated barriers of ethylene. While in the gas phase, the 
rotational barrier of 2 (X = C≡N) in chapter III is about that of ethylene. 
These results suggest that water significantly lowers the rotational barriers of the 
BH2, C≡N, NO2, and CH2-substituted derivatives for all three solvation models 
compared to experimental and calculated rotational barriers of ethylene. 
Differential Energy in Transition State (Gas Phase vs. Water) versus 
Differential Energy in Trans (Gas Phase vs. Water) 
The solvation can lower or increase the rotational barrier of the push-pull systems 
(see Figure 6.7). It depends on the four energy values that are Etrans1 , Etrans2 , ETS1 , and 
ETS2 . Here Etrans1 and Etrans2 are the energy values of the trans forms in system1 and 
system2, respectively. ETS1  and ETS2  are the energy values of the transition state in 
system1 and system2, respectively. The difference in the rotational barriers 
( ΔE≠ versus ΔE≠ ) is the same as the difference in the differential energies of system1 system2 
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transition states (TS1 versus TS2) versus the differential energies of trans isomers (trans1 
versus trans2). The difference in the relative rotational barrier around the C=C double 
bond in the two systems (i.e. the gas phase versus water, the gas phase versus 
dichloromethane, or water versus dichloromethane) can be defined Δ(ΔE‡ROT), and from 
Figure 6.7 [52]. 
≠ ≠ ≠( EROT ) = ΔEsystem1 − ΔEsystem2 = (ETS1 − ETS2 ) − Etrans1 − Etrans2 )  (6-1)Δ Δ  ( 















Free energy profile of rotation around a C=C bond in a system1 versus a system2 where 
the rotational barrier in a system1 is higher than in a system2. Here, the trans isomer  
has a lower energy than the cis isomer (in both system1 and system2) 
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( E≠ ) = (E − E ) − (EΔ Δ  −  E ) (6-2)ROT TS TS trans trans 1 2 1 2 
At the B3LYP/6-31++G(d,p) level of theory the differences in the differential 
energy of the gas phase transition state (system1) versus that solvated by water (system2), 
utilizing the COSMO model, and the differential energy of the trans isomer in the gas 
phase system (system1) versus that solvated by water (system2), utilizing the COSMO 
model, of molecules 1-4 calculated by Eq. 6-2 are 8.8, 12.2, 12.6, and 2.3 kcal/mol, 
respectively. The corresponding differences in the differential energies, using the PCM 
model of molecules 1-4 calculated by Eq. 6-2 are 4.6, 11.5, 10.8, and 1.4 kcal/mol, 
respectively. The corresponding differences in the differential energies, utilizing the 
SMA model of solvation complexes 30-33 calculated by Eq. 6-2 are 1.9, 2.6, 1.9, and 1.4 
kcal/mol, respectively.  
Data indicate that solvation with water by COSMO, PCM, and SMA solvation 
models lower the rotational barrier of the NH2CH=CHX system regardless of the 
substituent. The differential energies of the transition states (TSgas phase versus TSwater) 
were greater than the differential energies of the trans isomers (transgas phase versus 
transwater). Therefore, the C=C rotational barrier (ΔE‡ROT) of the NH2CH=CHX in water 
is lower than the rotational barrier (ΔE‡ROT) of those in the gas phase system.  
Rotational Barriers in Water versus those in the Gas Phase System 
≠ ≠ ≠( EROT ) = ΔEsystem − ΔEsystem  (6-3)Δ Δ  1 2 
At the B3LYP/6-31++G(d,p) level of theory the differences in the rotational 
barriers of trans molecules 1b-4b (X = BH2, C≡N, NO2, and CH2) versus TS 1-TS 4 in 
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the gas phase system (system1) versus those solvated by water (system2), using the 
COSMO model, calculated by Eq. 6-3 are 8.7, 12.2, 12.5, and 2.3 kcal/mol, respectively. 
The corresponding differences in the rotational barriers of trans molecules 1b-4b versus 
TS 1-TS 4 in the gas phase system (system1) versus those solvated by water (system2), 
utilizing the PCM model, calculated by Eq. 6-3 are 4.6, 11.5, 10.8, and 1.5 kcal/mol, 
respectively. The differences in the rotational barriers of trans molecules 1b-4b versus 
TS 1-TS 4 in the gas phase system (system1) versus the rotational barriers of trans forms 
of solvation complexes 30b-33b (X = BH2, C≡N, NO2, and CH2) versus TS 30-TS 33
(system2), using the SMA model with one molecule of water, calculated by Eq. 6-3 are 
1.9, 2.6, 1.8, and 1.4 kcal/mol, respectively. 
Data suggest that solvation with water by COSMO, PCM, and SMA solvation 
models lower the rotational barrier of the NH2CH=CHX system regardless of the 
substituent. Therefore, the C=C rotational barrier (ΔE‡ROT) of the NH2CH=CHX in water 
is lower than the rotational barrier of those in the gas phase system. Clearly, for all three 
solvation models water stabilizes the charge separation in the transition states.  
However, the order of electron acceptor strength of both the SMA model with 
H2O and in the gas-phase system from chapter III is consistent at the B3LYP/6-
31++G(d,p) level of theory when using the reduction in rotational barriers as a criterion. 
The difference in the rotational barriers between the systems in different solvation 
models are proposed. The differences in the rotational barrier (Δ(ΔE‡ROT)) in 1b (X = 
BH2) versus TS 1 solvated by water, using the COSMO, PCM, and SMA models, versus 
that in the gas phase system are 8.7, 4.6, and 1.9 kcal/mol, respectively for the three 
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 solvation models. The differences in the rotational barrier in 3b (X = NO2) versus TS 3
solvated by water, utilizing the COSMO, PCM, and SMA models, versus that in the gas 
phase system are 12.5, 10.8, and 1.8 kcal/mol, respectively for the three solvation models.  
These data suggest that the differences in the rotational barrier with both COSMO 
and PCM models, using water as solvent versus that the gas phase system in 3b (X = 
NO2) versus TS 3 is significantly greater than that in 1b (X = BH2) versus TS 1. 
However, the difference in the rotational barriers, employing the SMA model with one 
molecule of water, versus that in the gas phase system in 32b (X = NO2) versus TS 32 is 
not significantly different from that in 30b (X = BH2) versus TS 30. 
At this point, reasons for the difference in the rotational barriers between the 
systems in different solvation models are proposed. These results can be explained by 
two crucial facts. Firstly, the -NO2 group has higher electron density than the -BH2 group. 
An infinite number of water molecules was used in the COSMO and PCM solvation 
models. Thus, an infinite number of water molecule stabilizes the significant charge in 
the -NO2 group more than the -BH2 group. This causes the transition state of the NO2-
substituted derivative to be more stable than the BH2-substituted derivative. Of course, 
the rotational barrier of the NO2-substituted derivative is lower than that of the BH2-
substituted derivative. Secondly, with the SMA model, only a single water molecule is 
present in the system, while in the COSMO and PCM models, the system is surrounded 
with the infinite number of solvent molecules. This effect must come from the number of 
water molecules surrounding the system. Data in Table 6.25 indicate that only one 
molecule of water added to the system is not enough to observe the solvent effect. That is 
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why the order of electron acceptor strength ranked by the contribution to the solvent 
effects on rotational barriers in solvation complexes 30-33 in this chapter is same as that 
in the gas-phase system in chapter III, but different from the COSMO and PCM models. 
Rotational Barriers in Dichloromethane 
Data calculated at the B3LYP/6-31++G(d,p) level of theory with the COSMO 
model, utilizing dichloromethane as solvent, indicates that the carbon-carbon double 
bond rotational barrier of trans molecule 1b (X = BH2) versus TS 1 (the transition state) 
is 29.1 kcal/mol. The rotational barrier is calculated for the trans molecule 2b (X = C≡N) 
versus TS 2 with the COSMO model, using dichloromethane as solvent, to be 40.2 
kcal/mol. The C=C rotational barrier was predicted in trans molecule 3b (X = NO2) 
versus TS 3 with the COSMO model, utilizing dichloromethane as solvent, to be 29.9 
kcal/mol. The rotational barrier about a carbon-carbon double bond of trans molecule 4b 
(X = CH2) versus TS 4 with the COSMO model, using dichloromethane as solvent, is 
11.1 kcal/mol. 
Data calculated at the B3LYP/6-31++G(d,p) level of theory with the PCM model, 
utilizing dichloromethane as solvent, indicates that the C=C rotational barrier of trans
molecule 1b (X = BH2) versus TS 1 is 32.0 kcal/mol. The rotational barrier is calculated 
for the trans molecule 2b (X = C≡N) versus TS 2 with the PCM model, using 
dichloromethane as solvent, to be 43.4 kcal/mol. The C=C rotational barrier was 
predicted in trans molecule 3b (X = NO2) versus TS 3 with the PCM model, utilizing
dichloromethane as solvent, to be 33.9 kcal/mol. The rotational barrier about a carbon-
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carbon double bond of trans molecule 4b (X = CH2) versus TS 4 with the PCM model, 
using dichloromethane as solvent, is 11.9 kcal/mol. 
Data calculated at the B3LYP/6-31++G(d,p) level of theory, using the SMA 
model with a single dichloromethane molecule, indicates that the C=C rotational barrier 
of the trans form of solvation complex 34b (X = BH2) versus TS 34 is 35.3 kcal/mol. The 
rotational barrier is calculated for the trans form of solvation complex 35b (X = C≡N) 
versus TS 35, utilizing the SMA model with a single dichloromethane molecule, to be 
48.9 kcal/mol. The C=C rotational barrier was predicted in the trans form of solvation
complex 36b (X = NO2) versus TS 36, using the SMA model with a single 
dichloromethane molecule, to be 38.8 kcal/mol. The rotational barrier about a carbon-
carbon double bond of the trans form of solvation complex 37b (X = CH2) versus TS 
37, utilizing the SMA model with a single dichloromethane molecule, is 12.1 kcal/mol.  
In summary, the order of the rotational barrier for COSMO, PCM, and SMA 
models using CH2Cl2 as solvent is CH2 < BH2 < NO2 < C≡N. Results indicated that the 
order of electron acceptors for COSMO, PCM, and SMA models using CH2Cl2 as solvent 
is CH2 > BH2 > NO2 > C≡N. 
The predicted order of electron acceptor strength and the stability of the transition 
state by the solvent effect is consistent across all three solvation models (COSMO, PCM, 
and SMA) calculated at the B3LYP/6-31++G(d,p) level of theory using dichloromethane 
as solvent when using the reduction in rotational barriers as a criterion. Clearly, CH2 is 
the strongest electron acceptor followed by BH2, NO2, and C≡N. 
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Rotational Barriers in Dichloromethane versus Ethylene 
The rotational barriers of the CH2 substituted derivatives for all three solvation 
models, using dichloromethane as solvent, at the B3LYP/6-31++G(d,p) level of theory 
are one-fifth to one-sixth the experimental rotational barrier of ethylene (65.0 kcal/mol) 
[6] and one-fifth to one-sixth that calculated at the same level of theory (62.6 kcal/mol). 
However, in the non-solvated system, the barrier of 4 (X = CH2) in chapter III is about 
one-fifth that of the experimental and calculated barriers of ethylene. The rotational 
barrier for all three solvation models for the C≡N-substituted derivative is about one-half 
that of the experimental and calculated barriers of ethylene. While in the gas-phase 
system, the barrier of 2 (X = C≡N) in chapter III is about that of ethylene. 
These results suggest that dichloromethane significantly lowers the rotational 
barriers for all three solvation models compared to the experimental and calculated 
rotational barriers of ethylene. 
Differential Energy in Transition State (Gas Phase vs. Dichloromethane) versus 
Differential Energy in Trans (Gas Phase vs. Dichloromethane) 
At the B3LYP/6-31++G(d,p) level of theory the differences in the differential 
energy of the gas phase transition state (system1) versus that solvated by dichloromethane 
(system2), utilizing the COSMO model, and the differential energy of the trans isomer in 
the gas phase (system1) versus that trans isomer solvated by dichloromethane (system2), 
using the COSMO model, of molecules 1-4 calculated by Eq. 6-2 are 7.0, 9.9, 9.5, and 
2.0 kcal/mol, respectively. The corresponding differences in the differential energies, 
utilizing the PCM model, of molecules 1-4 calculated by Eq. 6-2 are 4.1, 6.7, 5.5, and 1.2 
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kcal/mol, respectively. The differences in the differential energies, using the SMA model, 
of solvation complexes 30-33 calculated by Eq. 6-2 are 0.8, 1.1, 0.6, and 1.0 kcal/mol, 
respectively. 
Data suggest that solvation with dichloromethane by COSMO, PCM, and SMA 
solvation models lower the C=C rotational barrier of the NH2CH=CHX system regardless 
of the substituent. The differential energies of the transition states (TSgas phase versus 
TSdichloromethane) were greater than the differential energies of the trans isomers (transgas 
phase versus transdichloromethane). Therefore, the C=C rotational barrier (ΔE‡ROT) of the 
NH2CH=CHX in dichloromethane is lower than the rotational barrier (ΔE‡ROT) of those 
in the gas phase system. 
Rotational Barriers in Dichloromethane versus those in the Gas Phase System 
At the B3LYP/6-31++G(d,p) level of theory the differences in the rotational 
barriers (Δ(ΔE‡ROT)) of trans molecules 1b-4b (X = BH2, C≡N, NO2, and CH2) versus 
TS 1-TS 4 in the gas phase system (system1) versus those solvated by dichloromethane 
(system2), utilizing the COSMO model, calculated by Eq. 6-3 are 7.0, 9.8, 9.5, and 2.0 
kcal/mol, respectively. The corresponding differences in the rotational barriers of trans 
molecules 1b-4b versus TS 1-TS 4 in the gas phase system (system1) versus those 
solvated by dichloromethane (system2), using the PCM model, calculated by Eq. 6-3 are 
4.1, 6.7, 5.5, and 1.2 kcal/mol, respectively. The differences in the rotational barriers of 
trans molecules 1b-4b versus TS 1-TS 4 in the gas phase system (system1) versus the 
rotational barriers of trans forms of solvation complexes 34b-37b (X = BH2, C≡N, NO2, 
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and CH2) versus TS 34-TS 37 (system2), employing the SMA model with one 
dichloromethane molecule, calculated by Eq. 6-3 are 0.8, 1.1, 0.6, and 1.0 kcal/mol, 
respectively.
Data suggest that solvation with dichloromethane by COSMO, PCM, and SMA 
solvation models lower the rotational barrier of the NH2CH=CHX system regardless of 
the substituent. Therefore, the C=C rotational barrier (ΔE‡ROT) of the NH2CH=CHX in 
dichloromethane is lower than the rotational barrier of those in the gas phase system. 
Clearly, from all three solvation models, dichloromethane stabilizes the charge separation 
in the transition states. Dichloromethane is a less polar solvent than water, therefore the 
transition state should be less stabilized by dichloromethane than water. Data suggest that 
the order of electron acceptor strength when using the reduction in rotational barriers as a 
criterion for these three solvation models in dichloromethane is the same order as that in 
the gas phase system.  
Differences in Rotational Barriers in Water versus the Gas Phase System versus
Differences in Rotational Barriers in Dichloromethane  
versus the Gas Phase System 
The difference in the rotational barriers in trans molecule 1b (X = BH2) versus 
TS 1 solvated by water, utilizing the COSMO model, versus that in the gas phase system
is 1.7 kcal/mol greater than that solvated by dichloromethane, using the COSMO model,  
versus that in the gas phase system. The difference in the rotational barriers of trans 
molecule 2b (X = C≡N) versus TS 2 solvated by water, employing the COSMO model, 
versus that in the gas phase system is 2.4 kcal/mol greater than that solvated by 
dichloromethane, utilizing the COSMO model, versus that in the gas phase system. The 
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difference in the rotational barriers of trans molecule 3b (X = NO2) versus TS 3 solvated 
by water, utilizing the COSMO model, versus that in the gas phase system is 3.0 kcal/mol 
greater than that solvated by dichloromethane, using the COSMO model, versus that in 
the gas phase. The difference in the rotational barriers of trans molecule 4b (X = CH2) 
versus TS 4 solvated by water, using the COSMO model, versus that in the gas phase 
system is 0.4 kcal/mol greater than that solvated by dichloromethane, utilizing the 
COSMO model, versus that in the gas phase system. 
Data from DFT calculations suggest that the largest difference in rotational 
barriers (Δ(ΔE‡ROT)) in trans isomer versus the transition state solvated by water, using 
the COSMO model, versus that solvated by dichloromethane, using the COSMO model, 
versus that in the gas phase system is the NO2-substituted derivative, followed by the 
C≡N-, and BH2-substituted derivatives, respectively. However, the difference in 
rotational barriers of trans molecule 4b (X = CH2) versus TS 4 solvated by water, 
employing the COSMO model, versus that in the gas phase system is not significantly 
different from that that solvated by dichloromethane versus that in the gas phase system. 
Clearly, water causes the rotational barrier for each system to be lower than the system
solvated by dichloromethane when the COSMO solvation model was used. 
The difference in the rotational barriers in trans molecule 1b (X = BH2) versus 
TS 1 solvated by water, using the PCM model, versus that in the gas phase is 0.5 
kcal/mol greater than that solvated by dichloromethane versus that in the gas phase 
system. The difference in the rotational barriers of trans molecule 2b (X = C≡N) versus 
TS 2 solvated by water, utilizing the PCM model, versus that in the gas phase system is 
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4.8 kcal/mol greater than that solvated by dichloromethane versus that in the gas phase 
system. The difference in the rotational barriers of trans molecule 3b (X = NO2) versus 
TS 3 solvated by water, employing the PCM model, versus that in the gas phase system is 
5.3 kcal/mol greater than that solvated by dichloromethane versus that in the gas phase 
system. The difference in the rotational barriers of trans molecule 4b (X = CH2) versus 
TS 4 solvated by water, using the PCM model, versus that in the gas phase system is 0.2 
kcal/mol greater than that solvated by dichloromethane versus that in the gas phase 
system. 
Data suggest that the largest difference in rotational barriers in the trans isomer 
versus the transition state solvated by water, using the PCM model, versus that in the gas 
phase and solvated by dichloromethane, using the PCM model, versus that in the gas 
phase is the NO2-substituted derivative, followed by the C≡N-, and BH2-substituted 
derivatives, respectively. However, the difference in rotational barriers of trans molecule 
4b (X = CH2) versus TS 4 solvated by water, utilizing the PCM model, versus the gas 
phase system is not significantly different from that solvated by dichloromethane versus 
that in the gas phase system. This is the same outcome predicted by the COSMO model. 
Clearly, water causes the rotational barrier for each system to be lower than that of 
dichloromethane when the PCM solvation model was used. 
The difference in the rotational barrier (Δ(ΔE‡ROT)) in the trans form of solvation 
complex 30b (X = BH2) versus TS 30, using the SMA model with a water molecule, 
versus the rotational barrier in trans molecule 1b (X = BH2) versus TS 1 in the gas phase 
system is 1.1 kcal/mol greater than the rotational barrier in the trans form of solvation
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complex 34b (X = BH2) versus TS 34, using the SMA model with a dichloromethane 
molecule, versus that in the gas phase system. The difference in the rotational barrier of 
the trans form of solvation complex 31b (X = C≡N) versus TS 31, using the SMA model 
with a water molecule, versus the rotational barrier in trans molecule 2b (X = C≡N) 
versus TS 2 in the gas phase system is 1.5 kcal/mol greater than the rotational barrier in 
the trans form of solvation complex 35b (X = C≡N) versus TS 35, using the SMA model 
with a dichloromethane molecule, versus that in the gas phase system. The difference in 
the rotational barrier of the trans form of solvation complex 32b (X = NO2) versus TS
32, using the SMA model with a water molecule, versus the rotational barrier in trans 
molecule 3b (X = NO2) versus TS 3 in the gas phase system is 1.2 kcal/mol greater than 
the rotational barrier in the trans form of solvation complex 36b (X = NO2) versus TS 36, 
using the SMA model with a dichloromethane molecule, versus that in the gas phase 
system. The difference in the rotational barrier of trans molecule 33b (X = CH2) versus 
TS 33, using the SMA model with a water molecule, versus the rotational barrier in trans 
molecule 4b (X = CH2) versus TS 4 in the gas phase system is 0.4 kcal/mol greater than 
the rotational barrier in the trans form of solvation complex 37b (X = NO2) versus TS 37, 
using the SMA model with a dichloromethane molecule, versus that in the gas phase 
system. Clearly, water causes the rotational barrier for each system to be lower than that 
of dichloromethane when the SMA solvation model was used. 
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Table 6.1 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (Z)-H2NCH=CHBH2 (1a)a Using COSMO and PCM 
Models (Solvent:Water); and (Z)-2-Boranyl-vinylamine Hydrate (30a)b 
at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (30a) 
Cs, minimum Cs, minimum C1, minimum 
Distances
C1-C2  1.391 1.384 1.383 
C2-N3  1.339 1.349 1.348 
C1-B8  1.498 1.517 1.504 
O11-H4  1.997 
Angles 
∠C2-C1-H7  113.0 113.8 113.7 
∠C2-C1-B8  125.8 123.3 125.3 
∠H7-C1-B8  121.2 122.9 121.0 
∠C1-C2-H6  119.8 120.7 120.0 
∠C1-C2-N3  127.3 126.1 127.5 
∠H6-C2-N3  112.9 113.2 112.6 
Dihedral Angles 
B8-C1-C2-N3  0.0 0.0 0.2 
C1-C2-N3-H4  180.0 180.0 -179.7 
C1-C2-N3-H5  0.0 0.0 -0.1 
C2-C1-B8-H9  0.0 0.0 0.1 
C2-C1-B8-H10  180.0 180.0 180.0 
Dipole Moments 5.775 4.282 6.983 
Total Energies -159.4321724 -159.4303140 -235.8644955 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.2 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (E)-H2NCH=CHBH2 (1b)a Using COSMO and PCM 
Models (Solvent:Water); and (E)-2-Boranyl-vinylamine Hydrate (30b)b 
at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (30b) 
Cs, minimum Cs, minimum C1, minimum 
Distances
C1-C2  1.386 1.376 1.375 
C2-N3  1.340 1.356 1.351 
C1-B8  1.495 1.517 1.504 
O11-H4  1.986 
Angles 
∠C2-C1-H7  116.3 115.5 116.8 
∠C2-C1-B8  120.7 123.3 120.5 
∠H7-C1-B8  123.0 121.2 122.7 
∠C1-C2-H6  119.4 119.6 119.0 
∠C1-C2-N3  126.6 126.4 127.4 
∠H6-C2-N3  113.9 114.1 113.6 
Dihedral Angles 
B8-C1-C2-N3  180.0 180.0 180.0 
C1-C2-N3-H4  180.0 180.0 179.8 
C1-C2-N3-H5  0.0 0.0 0.2 
C2-C1-B8-H9  0.0 0.0 -0.0 
C2-C1-B8-H10  180.0 180.0 180.0 
Dipole Moments 6.792 4.691 6.888 
Total Energies -159.4371091 -159.4321779 -235.8679596 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.3 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition State of 2-Boranyl-vinyl Amine (TS 1)a Using 
COSMO and PCM models (Solvent:Water); and Transition State of 2-
Boranyl-vinylamine Hydrate (TS 30)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 30) 
C1, transition state C1, transition state C1, transition state 
Distances
C1-C2  1.445 1.430 1.424 
C2-N3  1.298 1.307 1.310 
C1-B8  1.464 1.480 1.476 
O11-H4  1.913 
Angles 
∠C2-C1-H7  113.1 113.3 116.4 
∠C2-C1-B8  123.7 126.6 120.0 
∠H7-C1-B8  123.2 120.0 123.5 
∠C1-C2-H6  122.9 123.1 123.9 
∠C1-C2-N3  124.1 124.6 124.5 
∠H6-C2-N3  113.0 112.4 111.6 
Dihedral Angles 
B8-C1-C2-N3  93.6 -94.2 93.3 
C1-C2-N3-H4  -179.7 -179.9 -176.4 
C1-C2-N3-H5  0.3 1.7 0.4 
C2-C1-B8-H9  -0.6 2.3 -0.2 
C2-C1-B8-H10  179.9 -178.3 -179.3 
Dipole Moments 10.353 8.425 9.8954 
Total Energies -159.3934570 -159.3818995 -235.8134580 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.4 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2Z)-H2NCH=CHC≡N (2a)a Using COSMO and PCM 
Models (Solvent:Water); and (2Z)-3-Aminoacrylonitrile Hydrate (31a)b 
at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (31a) 
Cs, minimum C1, minimum C1, minimum 
Distances 
C1-C2  1.372 1.372 1.365 
C2-N3  1.344 1.344 1.352 
C1-C8  1.410 1.409 1.417 
O10-H4  1.977 
Angles 
∠C2-C1-H7  119.5 119.6 120.1 
∠C2-C1-C8  122.6 122.5 121.3 
∠H7-C1-C8  117.9 117.9 118.7 
∠C1-C2-H6  118.0 117.7 118.7 
∠C1-C2-N3  127.3 127.3 126.7 
∠H6-C2-N3  114.7 115.0 114.6 
Dihedral Angles 
C8-C1-C2-N3  0.0 0.2 0.0 
C1-C2-N3-H4  180.0 -177.2 -180.0 
C1-C2-N3-H5  0.0 -2.7 -0.0 
C2-C1-C8-N9  0.0 -7.0 0.0 
Dipole Moments 7.925 7.759 8.281 
Total Energies -226.2399540 -226.2394971 -302.6651022 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.5 The optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NCH=CHC≡N (2b)a Using COSMO and PCM 
Models (Solvent:Water); and (2E)-3-Aminoacrylonitrile Hydrate (31b)b 
at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (31b) 
Cs, minimum C1, minimum C1, minimum 
Distances 
C1-C2  1.371 1.371 1.362 
C2-N3  1.343 1.342 1.355 
C1-C8  1.409 1.408 1.417 
O10-H4  1.972 
Angles 
∠C2-C1-H7  121.7 121.9 121.4 
∠C2-C1-C8  121.0 120.9 121.4 
∠H7-C1-C8  117.3 117.3 117.3 
∠C1-C2-H6  119.8 119.7 119.3 
∠C1-C2-N3  125.6 125.7 126.5 
∠H6-C2-N3  114.6 114.7 114.2 
Dihedral Angles 
C8-C1-C2-N3  180.0 -178.8 180.0 
C1-C2-N3-H4  180.0 -177.7 179.8 
C1-C2-N3-H5  0.0 1.9 0.2 
C2-C1-C8-N9  180.0 176.4 179.2 
Dipole Moments 9.881 9.826 9.020 
Total Energies -226.2403863 -226.2396339 -302.6625436 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
258 




         































Table 6.6 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 3-Aminoacrylonitrile (TS 2)a Using 
COSMO and PCM Models (Solvent:Water); and Transition States of 3-
Aminoacrylonitrile Hydrate (TS 31)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 31) 
C1, transition state C1, transition state C1, transition state 
Distances 
C1-C2  1.462 1.455 1.446 
C2-N3  1.289 1.293 1.299 
C1-C8  1.391 1.385 1.410 
O10-H4  1.876 
Angles 
∠C2-C1-H7  112.9 115.5 113.7 
∠C2-C1-C8  117.3 117.2 113.0 
∠H7-C1-C8  115.7 117.6 115.6 
∠C1-C2-H6  124.1 124.3 126.0 
∠C1-C2-N3  122.1 122.4 121.7 
∠H6-C2-N3  113.8 113.3 112.4 
Dihedral Angles 
C8-C1-C2-N3  110.9 107.2 111.0 
C1-C2-N3-H4  178.7 179.3 -178.1 
C1-C2-N3-H5  -1.2 -1.2 -0.1 
C2-C1-C8-N9  -112.2 -100.3 -68.8 
Dipole Moments 13.614 13.320 12.133 
Total Energies -226.1801232 -226.1782340 -302.5870521 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.7 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (Z)-H2NCH=CHNO2 (3a)a Using COSMO and PCM 
Models (Solvent:Water); and (Z)-2-Nitroethylenamine Hydrate (32a)b 
at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (32a) 
Cs, minimum Cs, minimum C1, minimum 
Distances 
C1-C2  1.385 1.382 1.371 
C2-N3  1.325 1.327 1.337 
C1-N8  1.383 1.386 1.408 
O11-H4  1.958 
Angles 
∠C2-C1-H7  121.3 121.7 122.5 
∠C2-C1-N8  123.6 123.4 123.3 
∠H7-C1-N8  115.1 114.9 114.2 
∠C1-C2-H6  116.0 115.8 116.3 
∠C1-C2-N3  128.3 128.9 128.4 
∠H6-C2-N3  115.7 115.3 115.3 
Dihedral Angles 
N8-C1-C2-N3  0.0 0.0 0.0 
C1-C2-N3-H4  180.0 180.0 -180.0 
C1-C2-N3-H5  0.0 0.0 -0.0 
C2-C1-N8-O9  0.0 0.0 0.0 
C2-C1-N8-O10  180.0 180.0 180.0 
Dipole Moments 9.951 9.590 9.399 
Total Energies -338.5153141 -338.5112001 -414.9370026 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.8 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (E)-H2NCH=CHNO2 (3b)a Using COSMO and PCM 
Models (Solvent:Water); and (E)-2-Nitroethylenamine Hydrate (32b)b 
at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (32b) 
Cs, minimum Cs, minimum C1, minimum 
Distances 
C1-C2  1.377 1.376 1.360 
C2-N3  1.328 1.328 1.347 
C1-N8  1.390 1.393 1.420 
O11-H4  1.945 
Angles 
∠C2-C1-H7  124.9 125.1 126.3 
∠C2-C1-N8  120.2 120.1 119.9 
∠H7-C1-N8  114.9 114.8 113.9 
∠C1-C2-H6  119.3 118.8 117.9 
∠C1-C2-N3  124.6 124.9 126.3 
∠H6-C2-N3  116.1 116.3 115.9 
Dihedral Angles 
N8-C1-C2-N3  180.0 180.0 180.0 
C1-C2-N3-H4  180.0 180.0 179.9 
C1-C2-N3-H5  0.0 0.0 0.1 
C2-C1-N8-O9  0.0 0.0 0.0 
C2-C1-N8-O10  180.0 180.0 180.0 
Dipole Moments 11.809 11.610 9.540 
Total Energies -338.5127389 -338.5103262 -414.9305075 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.9 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 2-Nitroethylenamine (TS 3)a Using 
COSMO and PCM Models (Solvent:Water); and Transition States of 2-
Nitroethylenamine Hydrate (TS 32)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 32) 
C1, transition state C1, transition state C1, transition state 
Distances 
C1-C2  1.466 1.463 1.457 
C2-N3  1.285 1.287 1.306 
C1-N8  1.328 1.330 1.358 
O11-H4  1.878 
Angles 
∠C2-C1-H7  121.7 122.2 124.4 
∠C2-C1-N8  116.7 115.9 108.0 
∠H7-C1-N8  120.2 121.1 119.6 
∠C1-C2-H6  121.6 121.8 122.9 
∠C1-C2-N3  122.7 122.7 122.8 
∠H6-C2-N3  115.7 115.4 114.0 
Dihedral Angles 
N8-C1-C2-N3  -91.5 -89.5 -93.3 
C1-C2-N3-H4  -179.8 -178.9 171.4 
C1-C2-N3-H5  1.5 2.6 6.3 
C2-C1-N8-O9  4.7 2.3 4.9 
C2-C1-N8-O10  -175.0 -177.1 -174.1 
Dipole Moments 15.335 14.639 10.717 
Total Energies -338.4699334 -338.4647808 -414.8706639 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.10 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2Z)-H2NCH=CHCH2 (4a)a Using COSMO and PCM 
Models (Solvent:Water); and (2Z)-3-Aminoprop-2-en-1-ylium Cation 
Hydrate (33a)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (33a) 
Cs, minimum C1, minimum C1, minimum 
Distances
C1-C2  1.447 1.448 1.447 
C2-N3  1.294 1.294 1.297 
C1-C8  1.346 1.345 1.348 
O11-H4  1.709 
Angles 
∠C2-C1-H7  114.8 115.1 115.1 
∠C2-C1-C8  124.6 124.4 124.8 
∠H7-C1-C8  120.5 120.5 120.1 
∠C1-C2-H6  118.2 117.9 118.0 
∠C1-C2-N3  126.1 126.5 126.9 
∠H6-C2-N3  115.7 115.6 115.1 
Dihedral Angles 
C8-C1-C2-N3  0.0 15.8 -15.7 
C1-C2-N3-H4  180.0 -178.0 178.9 
C1-C2-N3-H5  0.0 1.7 -1.9 
C2-C1-C8-H9  0.0 -0.1 -0.7 
C2-C1-C8-H10  180.0 178.5 -178.9 
Dipole Moments 3.421 3.553 1.286
Total Energies -172.5155420 -172.5135991 -248.8764797 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.11 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NCH=CHCH2 (4b)a Using COSMO and PCM 
Models (Solvent:Water); and (2E)-3-Aminoprop-2-en-1-ylium Cation 
Hydrate (33b)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (33b) 
Cs, minimum Cs, minimum C1, minimum 
Distances
C1-C2  1.435 1.437 1.434 
C2-N3  1.295 1.294 1.298 
C1-C8  1.348 1.346 1.349 
O11-H4  1.718 
Angles 
∠C2-C1-H7  118.7 118.3 118.8 
∠C2-C1-C8  119.5 119.5 120.1 
∠H7-C1-C8  121.8 122.2 121.2 
∠C1-C2-H6  119.8 119.4 119.4 
∠C1-C2-N3  123.5 123.7 124.6 
∠H6-C2-N3  116.7 116.9 116.0 
Dihedral Angles 
C8-C1-C2-N3  180.0 180.0 180.0 
C1-C2-N3-H4  180.0 180.0 180.0 
C1-C2-N3-H5  0.0 0.0 -0.0 
C2-C1-C8-H9  0.0 0.0 0.0 
C2-C1-C8-H10  180.0 180.0 180.0 
Dipole Moments 3.609 3.754 1.040
Total Energies -172.5226250 -172.5210367 -248.8839336 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
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Table 6.12 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 3-Aminoprop-2-en-1-ylium Cation (TS 
4)a Using COSMO and PCM Models (Solvent:Water); and Transition 
States of 3-Aminoprop-2-en-1-ylium Cation Hydrate (TS 33)b at the 
B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 33) 
C1, transition state C1, transition state C1, transition state 
Distances
C1-C2  1.472 1.472 1.473 
C2-N3  1.282 1.282 1.286 
C1-C8  1.335 1.334 1.336 
O11-H4  1.685 
Angles 
∠C2-C1-H7  114.7 115.0 114.8 
∠C2-C1-C8  123.2 122.8 123.5 
∠H7-C1-C8  122.1 122.2 121.7 
∠C1-C2-H6  120.7 120.3 120.8 
∠C1-C2-N3  122.6 123.5 123.4 
∠H6-C2-N3  116.6 116.2 115.9 
Dihedral Angles 
C8-C1-C2-N3  -96.0 -95.4 -96.2 
C1-C2-N3-H4  -178.7 -179.8 -178.4 
C1-C2-N3-H5  1.2 0.3 1.6 
C2-C1-C8-H9  0.8 1.3 0.5 
C2-C1-C8-H10  -179.5 -178.8 -179.6 
Dipole Moments 4.970 4.907 2.407
Total Energies -172.5054968 -172.5024854 -248.8652969 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.4. 
265 




         
                         






























Table 6.13 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (Z)-H2NCH=CHBH2 (1a)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (Z)-2-Boranyl-vinylamine 
Dichloromethane (34a)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (34a) 
Cs, minimum Cs, minimum C1, minimum 
Distances
C1-C2  1.388 1.382 1.379 
C2-N3  1.343 1.347 1.351 
C1-B8  1.500 1.504 1.507 
Cl11-H4  2.828 
Angles 
∠C2-C1-H7  113.2 113.7 113.7 
∠C2-C1-B8  125.7 125.2 125.2 
∠H7-C1-B8  121.1 121.2 121.1 
∠C1-C2-H6  119.9 120.2 120.3 
∠C1-C2-N3  127.2 127.1 127.1 
∠H6-C2-N3  112.9 112.8 112.6 
Dihedral Angles 
B8-C1-C2-N3  0.0 0.0 -0.2 
C1-C2-N3-H4  180.0 180.0 179.1 
C1-C2-N3-H5  0.0 0.0 0.6 
C2-C1-B8-H9  0.0 0.0 -0.0 
C2-C1-B8-H10  180.0 180.0 180.0 
Dipole Moments 5.364 4.626 6.053 
Total Energies -159.4300649 -159.4266941 -1119.1264659 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.14 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (E)-H2NCH=CHBH2 (1b)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (E)-2-Boranyl-vinylamine 
Dichloromethane (34b)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (34b) 
Cs, minimum Cs, minimum C1, minimum 
Distances
C1-C2  1.382 1.376 1.373 
C2-N3  1.343 1.349 1.354 
C1-B8  1.498 1.502 1.506 
Cl11-H4  3.037 
Angles 
∠C2-C1-H7  116.5 116.9 117.0 
∠C2-C1-B8  120.6 120.5 120.4 
∠H7-C1-B8  122.9 122.7 122.7 
∠C1-C2-H6  119.4 119.2 119.3 
∠C1-C2-N3  126.7 126.9 127.0 
∠H6-C2-N3  113.9 113.9 113.8 
Dihedral Angles 
B8-C1-C2-N3  180.0 180.0 180.0 
C1-C2-N3-H4  180.0 180.0 -179.7 
C1-C2-N3-H5  0.0 0.0 -0.3 
C2-C1-B8-H9  0.0 0.0 0.1 
C2-C1-B8-H10  180.0 180.0 -179.9 
Dipole Moments 6.317 5.422 6.655 
Total Energies -159.4346348 -159.4303890 -1119.1297753 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.15 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition State of 2-Boranyl-vinyl Amine (TS 1)a Using 
COSMO and PCM Models (Solvent:Dichloromethane); and Transition 
State of 2-Boranyl-vinylamine Dichloromethane (TS 34)b at the B3LYP/6-
31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 34) 
C1, transition state C1, transition state C1, transition state 
Distances
C1-C2  1.440 1.429 1.421 
C2-N3  1.301 1.306 1.313 
C1-B8  1.466 1.470 1.477 
Cl11-H4  2.758 
Angles 
∠C2-C1-H7  113.8 115.1 116.8 
∠C2-C1-B8  122.9 121.5 119.4 
∠H7-C1-B8  123.4 123.4 123.7 
∠C1-C2-H6  123.2 123.6 124.3 
∠C1-C2-N3  124.0 124.2 124.0 
∠H6-C2-N3  112.8 112.2 111.7 
Dihedral Angles 
B8-C1-C2-N3  93.3 93.0 93.1 
C1-C2-N3-H4  -179.1 -178.2 -176.2 
C1-C2-N3-H5  0.4 0.2 0.4 
C2-C1-B8-H9  -0.3 -0.2 -0.2 
C2-C1-B8-H10  -179.7 -179.8 -179.3 
Dipole Moments 9.696 8.505 8.471 
Total Energies -159.3882264 -159.3793770 -1119.0734825 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.16 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2Z)-H2NCH=CHC≡N (2a)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (2Z)-3-Aminoacrylonitrile 
Dichloromethane (35a)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (35a) 
C1, minimum C1, minimum C1, minimum 
Distances 
C1-C2  1.370 1.366 1.363 
C2-N3  1.347 1.349 1.355 
C1-C8  1.412 1.413 1.418 
Cl10-H4  2.812 
Angles 
∠C2-C1-H7  119.6 119.6 120.0 
∠C2-C1-C8  122.3 122.3 121.3 
∠H7-C1-C8  118.1 118.1 118.7 
∠C1-C2-H6  118.2 118.3 119.0 
∠C1-C2-N3  127.1 127.0 126.4 
∠H6-C2-N3  114.7 114.7 114.6 
Dihedral Angles 
C8-C1-C2-N3  0.4 -0.1 0.0 
C1-C2-N3-H4  -178.2 178.7 -180.0 
C1-C2-N3-H5  -1.7 1.8 0.0 
C2-C1-C8-N9  0.5 5.6 -0.1 
Dipole Moments 7.424 6.855 7.969 
Total Energies -226.2363069 -226.2324936 -1185.9266225 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.17 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NCH=CHC≡N (2b)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (2E)-3-Aminoacrylonitrile 
Dichloromethane (35b)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (35b) 
C1, minimum C1, minimum C1, minimum 
Distances 
C1-C2  1.368 1.365 1.359 
C2-N3  1.347 1.349 1.360 
C1-C8  1.411 1.412 1.418 
Cl10-H4  2.855 
Angles 
∠C2-C1-H7  121.7 121.4 121.4 
∠C2-C1-C8  121.0 121.2 121.4 
∠H7-C1-C8  117.3 117.3 117.2 
∠C1-C2-H6  119.8 119.7 119.7 
∠C1-C2-N3  125.6 125.8 126.0 
∠H6-C2-N3  114.6 114.5 114.3 
Dihedral Angles 
C8-C1-C2-N3  -180.0 -179.9 -178.5 
C1-C2-N3-H4  -180.0 -179.5 -171.4 
C1-C2-N3-H5  0.0 0.0 -7.1 
C2-C1-C8-N9  -179.6 -179.8 -174.3 
Dipole Moments 9.272 8.645 8.196 
Total Energies -226.2361133 -226.2318660 -1185.9239592 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.18 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of Transition States of 3-Aminoacrylonitrile (TS 2)a Using 
COSMO and PCM Models (Solvent:Dichloromethane); and Transition 
States of 3-Aminoacrylonitrile Dichloromethane (TS 35)b at the B3LYP/6-
31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 35) 
C1, transition state C1, transition state C1, transition state 
Distances 
C1-C2  1.458 1.450 1.444 
C2-N3  1.292 1.295 1.301 
C1-C8  1.395 1.397 1.411 
Cl10-H4  2.700 
Angles 
∠C2-C1-H7  112.9 113.4 113.6 
∠C2-C1-C8  116.4 116.3 112.9 
∠H7-C1-C8  115.5 116.3 115.7 
∠C1-C2-H6  124.6 125.3 126.6 
∠C1-C2-N3  121.8 121.8 121.0 
∠H6-C2-N3  113.6 113.0 112.4 
Dihedral Angles 
C8-C1-C2-N3  111.2 110.1 110.8 
C1-C2-N3-H4  179.2 179.4 -178.3 
C1-C2-N3-H5  -0.9 -0.8 -0.1 
C2-C1-C8-N9  -107.6 -104.4 -68.4 
Dipole Moments 12.777 11.845 10.928 
Total Energies -226.1721120 -226.1627749 -1185.8460139 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.19 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (Z)-H2NCH=CHNO2 (3a)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (Z)-2-Nitroethylenamine 
Dichloromethane (36a)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (36a) 
Cs, minimum Cs, minimum C1, minimum 
Distances 
C1-C2  1.380 1.375 1.369 
C2-N3  1.329 1.333 1.340 
C1-N8  1.390 1.397 1.411 
Cl11-H4  2.759 
Angles 
∠C2-C1-H7  121.7 122.0 122.5 
∠C2-C1-N8  123.5 123.3 123.3 
∠H7-C1-N8  114.9 114.7 114.3 
∠C1-C2-H6  116.1 116.1 116.5 
∠C1-C2-N3  128.3 128.3 128.1 
∠H6-C2-N3  115.7 115.6 115.4 
Dihedral Angles 
N8-C1-C2-N3  0.0 0.0 -0.0 
C1-C2-N3-H4  180.0 180.0 179.9 
C1-C2-N3-H5  0.0 0.0 0.2 
C2-C1-N8-O9  0.0 0.0 -0.1 
C2-C1-N8-O10  180.0 180.0 179.9 
Dipole Moments 9.153 8.184 9.005 
Total Energies -338.5105754 -338.5046504 -1298.1980861 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.20 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (E)-H2NCH=CHNO2 (3b)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (E)-2-Nitroethylenamine 
Dichloromethane (36b)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (36b) 
Cs, minimum Cs, minimum C1, minimum 
Distances 
C1-C2  1.372 1.365 1.357 
C2-N3  1.334 1.339 1.350 
C1-N8  1.398 1.408 1.425 
Cl11-H4  2.800 
Angles 
∠C2-C1-H7  125.3 125.8 126.4 
∠C2-C1-N8  120.1 119.9 119.8 
∠H7-C1-N8  114.6 114.3 113.8 
∠C1-C2-H6  119.0 118.5 118.3 
∠C1-C2-N3  124.8 125.4 125.8 
∠H6-C2-N3  116.1 116.1 115.9 
Dihedral Angles 
N8-C1-C2-N3  180.0 180.0 -180.0 
C1-C2-N3-H4  180.0 180.0 179.9 
C1-C2-N3-H5  0.0 0.0 0.0 
C2-C1-N8-O9  0.0 0.0 -0.0 
C2-C1-N8-O10  180.0 180.0 179.9 
Dipole Moments 10.801 9.764 8.877 
Total Energies -338.5069889 -338.5005373 -1298.1912610 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.21 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of Transition States of 2-Nitroethylenamine (TS 3)a Using 
COSMO and PCM Models (Solvent:Dichloromethane); and Transition 
States of 2-Nitroethylenamine Dichloromethane (TS 36)b at the B3LYP/6-
31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 36) 
C1, transition state C1, transition state C1, transition state 
Distances 
C1-C2  1.464 1.459 1.455 
C2-N3  1.288 1.294 1.310 
C1-N8  1.335 1.343 1.357 
Cl11-H4  2.755 
Angles 
∠C2-C1-H7  122.5 123.4 124.7 
∠C2-C1-N8  114.7 112.0 107.5 
∠H7-C1-N8  120.4 120.6 119.9 
∠C1-C2-H6  122.1 122.4 123.0 
∠C1-C2-N3  122.5 122.8 122.5 
∠H6-C2-N3  115.4 114.7 114.0 
Dihedral Angles 
N8-C1-C2-N3  -92.6 -93.1 -92.7 
C1-C2-N3-H4  179.1 178.1 173.5 
C1-C2-N3-H5  2.0 3.3 7.9 
C2-C1-N8-O9  5.3 5.1 3.9 
C2-C1-N8-O10  -174.4 -174.3 -174.9 
Dipole Moments 13.981 12.110 10.320 
Total Energies -338.4592682 -338.4465035 -1298.1293989 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.22 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments 
(in Debyes) of (2Z)-H2NCH=CHCH2 (4a)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (2Z)-3-Aminoprop-2-en-1-ylium 
Cation Dichloromethane (37a)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (37a) 
C1, minimum C1, minimum C1, minimum 
Distances
C1-C2  1.446 1.444 1.444 
C2-N3  1.296 1.296 1.299 
C1-C8  1.347 1.346 1.348 
Cl11-H4  2.383 
Angles 
∠C2-C1-H7  114.9 115.0 115.0 
∠C2-C1-C8  124.7 124.4 124.8 
∠H7-C1-C8  120.5 120.5 120.1 
∠C1-C2-H6  118.2 118.2 118.5 
∠C1-C2-N3  126.2 126.3 126.6 
∠H6-C2-N3  115.6 115.5 114.9 
Dihedral Angles 
C8-C1-C2-N3  -1.8 -19.4 -16.0 
C1-C2-N3-H4  179.9 178.4 179.0 
C1-C2-N3-H5  -0.2 -2.5 -2.1 
C2-C1-C8-H9  -0.1 -0.4 -0.7 
C2-C1-C8-H10  -179.9 -178.3 -178.8 
Dipole Moments 3.224 2.992 7.216 
Total Energies -172.5004154 -172.4909128 -1132.1314278 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.23 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments  
(in Debyes) of (2E)-H2NCH=CHCH2 (4b)a Using COSMO and PCM 
Models (Solvent:Dichloromethane); and (2E)-3-Aminoprop-2-en-1-ylium 
Cation Dichloromethane (37b)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (37b) 
Cs, minimum Cs, minimum C1, minimum 
Distances
C1-C2  1.434 1.433 1.432 
C2-N3  1.297 1.297 1.300 
C1-C8  1.348 1.348 1.350 
Cl11-H4  2.398 
Angles 
∠C2-C1-H7  118.7 118.8 119.0 
∠C2-C1-C8  119.5 119.5 119.8 
∠H7-C1-C8  121.8 121.8 121.2 
∠C1-C2-H6  119.7 119.6 119.9 
∠C1-C2-N3  123.6 123.9 124.3 
∠H6-C2-N3  116.7 116.5 115.8 
Dihedral Angles 
C8-C1-C2-N3  180.0 180.0 -179.9 
C1-C2-N3-H4  180.0 180.0 179.6 
C1-C2-N3-H5  0.0 0.0 0.1 
C2-C1-C8-H9  0.0 0.0 0.0 
C2-C1-C8-H10  180.0 180.0 180.0 
Dipole Moments 3.367 3.052 7.089 
Total Energies -172.5075654 -172.4992138 -1132.1391083 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
276 




         
       





























Table 6.24 The Optimized Geometrical Parameters (Bond Lengths in Å and Bond   
Angles in Degrees) Total Energies (in Hartrees), and Dipole Moments (in 
Debyes) of Transition States of 3-Aminoprop-2-en-1-ylium Cation (TS 4)a 
Using COSMO and PCM Models (Solvent:Dichloromethane); and
Transition States of 3-Aminoprop-2-en-1-ylium Cation Dichloromethane 
(TS 37)b at the B3LYP/6-31++G(d,p) Level 
COSMO PCM Super-Molecular 
Approach (TS 37) 
C1, transition state C1, transition state C1, transition state 
Distances
C1-C2  1.472 1.470 1.472 
C2-N3  1.283 1.284 1.287 
C1-C8  1.335 1.334 1.336 
Cl11-H4  2.351 
Angles 
∠C2-C1-H7  114.7 114.8 114.7 
∠C2-C1-C8  123.2 123.1 123.4 
∠H7-C1-C8  122.1 122.1 121.8 
∠C1-C2-H6  121.0 120.7 121.4 
∠C1-C2-N3  122.5 123.0 122.9 
∠H6-C2-N3  116.5 116.3 115.7 
Dihedral Angles 
C8-C1-C2-N3  -96.2 -95.9 -96.2 
C1-C2-N3-H4  -178.6 -178.6 -178.7 
C1-C2-N3-H5  1.2 1.3 1.8 
C2-C1-C8-H9  0.7 1.0 0.7 
C2-C1-C8-H10  -179.6 -179.2 -179.5 
Dipole Moments 4.740 4.334 5.936 
Total Energies -172.4898273 -172.4803246 -1132.1198086 
a The labeling scheme of atoms is given in Figure 6.2. b The labeling scheme of 
atoms is given in Figure 6.5. 
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Table 6.25 Relative Rotational Barrier (ΔE‡ROT)a in kcal/mole for the Series 
H2NCH=CHX in the Gas Phase versus Solvated by Water Using COSMO, 
PCM, and SMA Solvation Models Calculated at the B3LYP/6-31++G(d,p) 
Level of Theory 
278 
∆E‡ (barrier)a Gas Phase 
Solvation Models 
COSMO PCM b SMA 
X = BH2 36.1 27.4 31.6 34.2 
X = CN 50.0 37.8 38.5 47.4 
X = NO2 39.4 26.9 28.6 37.6 
X = CH2 13.1 10.7 11.6 11.7 
a Etransition state−Etrans. b Relative Gibbs energy of rotational barriers (ΔG‡ROT). 
Table 6.26 Relative Rotational Barrier (ΔE‡ROT)a in kcal/mole for the Series 
H2NCH=CHX in the Gas Phase versus Solvated by Dichloromethane 
Using COSMO, PCM, and SMA Solvation Models Calculated at the 
B3LYP/6-31++G(d,p) Level of Theory 
∆E‡ (barrier)a Gas Phase 
Solvation Models 
COSMO PCM b SMA 
X = BH2 36.1 29.1 32.0 35.3 
X = CN 50.0 40.2 43.4 48.9 
X = NO2 39.4 29.9 33.9 38.8 
X = CH2 13.1 11.1 11.9 12.1 
a Etransition state−Etrans. b Relative Gibbs energy of rotational barriers (ΔG‡ROT). 











This dissertation research used ab initio methods to investigate the rotation 
around the carbon-carbon double bond in three push-pull systems. We studied the cis, 
trans, and transition state forms of all molecules in three series of push-pull alkenes. 
Series I, II, and III are NH2CH=CHX, NH2C≡CCH=CHX, and OCH=CHX, 
respectively, where the electron acceptors X are BH2, C≡N, NO2, and CH2. This study 
was divided into two parts. The first part is the gas phase study of series I, II, and III
with results, discussion, and conclusions detailed in chapters III, IV, and V, respectively 
The second part is the solvation study of series I with results, discussion, and conclusions 
detailed in chapter VI. 
Gas Phase Study 
Our results at all levels of theory indicate that the push-pull effect makes 
resonance structures III and VI (in chapter III), IX and XII (in chapter IV), and XV and
XVIII (in chapter V) major contributors to the electronic structures of trans and cis forms 
for the series I, II, and III, respectively. These resonance structures contain: (1) more 
single bond character for the C=C double bond, (2) more double bond character for the 
C-N (amino) (or C-O) and C-X bond, and (3) charge separation. The magnitudes of the 
electronic push-pull effects were investigated through six quantities: (1) increased charge 
279 
   
 
separation, (2) lengthened C=C double bond length, (3) shortened C-N (amino) (or C-O) 
and C-X bond lengths, (4) lowered rotational barrier around the C=C bond, (5) increased 
planarity of the -NH2 (amino) group, and (6) decreased electron density around the C=C 
double bond. 
For example, the C=C double bond lengths of systems in series I, II, and III are 
longer than their appropriate reference bond lengths. Also, the C-N (amino) bond lengths 
in series I and II are shorter than their appropriate reference bond lengths. Likewise, the 
C-O bond lengths of systems in series III are shorter than their appropriate reference 
bond lengths. Similarly, the C-X bond lengths of systems in series I, II, and III are 
shorter than their appropriate reference bond lengths. 
Using these six properties as criteria of the electron acceptor strength, it is clear 
that at all levels of theory the CH2 substituent is the strongest electron acceptor in the 
gas phase system.  
Examinations of the rotational barriers around C=C double bond in series I and 
III at both levels of theory indicate that the electron donor ( O) in series III is a stronger 
electron donor than the -NH2 group in series I. 
DFT versus MP2 
At DFT and MP2 levels of theory the -NH2 (amino) group in the CH2-
substituted derivatives of chapters III and IV are planar. In the BH2, C≡N, and NO2-
substituted derivatives of chapter III the -NH2 (amino) groups are more planar than those 
in chapter IV, respectively. In both chapters, results indicate that the -NH2 (amino) group 
is more planar at the DFT level than at the MP2 level. This may be a reflection of the fact 
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that the DFT method overemphasizes delocalization. This causes the planarity of the -
NH2 (amino) group at the DFT level to be more planar than those at the MP2 level.  
In cis and trans molecules for the series I, II, and III, the C=C double bond 
lengths (in chapters III, IV, and V), the C-N (in chapters III and IV), C-O (in chapter V) 
and C-X (in chapters III, IV, and V) bond lengths at DFT and MP2 levels are not 
significantly different. For example, some systems have the C=C double bond lengths at 
the DFT level slightly shorter than at the MP2 level, but some systems have the C=C 
double bond lengths at the DFT level slightly longer than those at the MP2 level.  
The C=C rotational barriers of systems of chapters III, IV, and V at DFT and 
MP2 levels of theory are not systematically different. However, the rotational barriers at 
DFT and MP2 levels of theory are slightly different. 
Solvation Study 
The rotational barriers around the C=C double bond of the H2NCH=CHX system, 
from all three different solvation models (COSMO, PCM, and SMA) at the DFT level are 
lower than their barriers in the gas phase system. 
The order of the rotational barriers in the gas phase system is CH2 < BH2 < NO2 
< C≡N. Similarly, the order of the rotational barriers in the SMA (using water or 
dichloromethane as solvent) and in the COSMO (using dichloromethane as solvent) and 
PCM (using dichloromethane as solvent) is CH2 < BH2 < NO2 < C≡N. However, the 
order of the rotational barriers in the COSMO (using water as solvent) and PCM (using
water as solvent) is CH2 < NO2 < BH2 < C≡N. 
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Results of the rotational barriers around C=C double bond from both the gas 
phase study and the solvation study of all three different solvation models (COSMO, 
PCM, and SMA) reveal that CH2 is the strongest electron acceptor using the reduction 
in rotational barriers as criterion. Thus, the system with the CH2-group in chapters III,
IV, V, and VI have the strongest push-pull effects. 
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